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Chapter 1
Introduction
The best model of a cat is another cat, or
preferably the cat itself.
N. Wiener
A model of chemical structures
Chemical structures are complex systems. These are composed of many components that
combine to form aggregates with non-linear behavior. That is, the components may interact
with each other and exhibit properties not attained by their summation. Such properties
emerge only from the aggregate, just as the conductivity of a material emerges from the
interaction between the components and not from a single one. The non-linearity yields
levels of organization and hierarchies. For instance, we can look at matter as composed of
molecules, or functional groups, or atoms, or electrons and nucleons. There is an increase in
the amount of information as we "zoom out", but at each level the representation is able to
extract relevant information. On top of that, each level of a hierarchy is usually governed by
its own set of laws.
The analysis of complex systems thus depends on finding recurring patterns in the
system’s ever-changing configurations. It is necessary to describe a system’s behavior from
the non-additive interactions of its building blocks. The building blocks are usually selected
from features that characterize a complex system. If done in the right order, the blocks are
put together to generate a complex system. Namely, there exists a certain way that generates
a certain complex system, analogous to how grammatical rules determine the meaningful
ordering of words within a language. In other words, the description of complex systems
requires modelling. One must identify the building blocks in a system, whose internal
structure, if known, is neglected. Then assign properties to the building blocks and determine
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their interactions. With this at hand, estimate and interpret properties in terms of its building
blocks and interactions.
The model of chemical structures is comprised by the notion of atomic elements connected
by chemical bonds as the fundamental sub-units. The Mendeleev Periodic table is a purely
abstract and symbolic way of organizing atomic elements, which is based on empirical
findings. Despite its qualitative nature, the Periodic table can be used to derive relationships
between the properties of the elements, as well as predict new ones yet to be discovered or
synthesized. Furthermore, it can be associated with the atomic shell structure, which arises
from the quantum electronic structure theory of atoms by using the Aufbau Prinzip, i.e. a
certain scheme of filling the atomic orbitals.
The concept of a chemical bond was a development from that of chemical affinity, which
was originally formulated as the tendency of an atom or compounds to combine with other
atoms or compounds. During the 19th and the beginning of the 20th centuries, the concept
of chemical affinity evolved to the one of valency and to the one of chemical bond, which
culminated in the modern electronic structure. Due to Lewis, Langmuir and others, the
interactions that bind atoms together into molecules was proposed as a static distribution of
electrons disposed as electron-pairs between neighboring atoms. The pursuit to connect a
model of chemical structure with physics was set. With the advance of quantum mechanics,
chemical structures became a playground where rigorous mathematical formulations could
be applied. However, one had to rely on computational algorithms to solve complicated
equations. This led to the formulation of modern high-level computational quantum chemistry
methods that provide molecular wavefunctions.
Although the wavefunction carries in principle all the information about a system, they
are, though, extremely complex to be understood in simple and physically meaningful terms.
Conceptual models are thus necessary to extract relevant information, which should be
preferably pictorial, transparent, intuitively appealing and well-founded. Such models should
also be reconciled with quantum mechanics to support semi-quantitative analyses.
Our chosen approach to deal with the mental realism of atoms and bonds in a chemical
structure takes place in the real three-dimensional space.1 This is in clear contrast to the
space spanned by wavefunctions. In matter of fact, Lewis formulated electron pairs as real
space entities in a 3D chemical structure. Also, even though chemists adopted orbitals of
different flavors as the main calculation and interpretative tools, there has always been a need
to speak in the language of 3D space such as shapes, signs, directionality, etc.
One of the most well-founded approach to partition the real space and recover classical
chemical concepts is the so-called QTAIM, for quantum theory of atoms in molecules.7 It
1Also called the physical space, coordinate space, position space, or direct space.
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yields basins that represent atomic regions in a well defined, unique way solely determined
by the observable electron density ρ(r). Not only QTAIM defines a purely topological object
as an atom, but it can also be justified in a rigorous quantum mechanical sense. Moreover,
although a QTAIM atom has specific boundaries, it shares electrons with other QTAIM
atoms, which connects to the important concept of bond order.
Another approach to partition the physical space is based on the ω-restricted space
partitioning (ωRSP).8,9 Different from QTAIM, this method divides the space into tiny
regions obeying certain rules. It generates a functional, called electron localizability indicator
(ELI) that retrieves the atomic shell structure in real space. In chemical structures, regions
attributed to core, bonds and lone-pairs can be identified and associated to the Lewis model.
Motivation
The theme of this thesis centers around the substitution effects on the structure stability of the
AlB2-type. These effects were measured by chemical bonding descriptors that fall under the
umbrella of the QTAIM and the ωRSP approaches. Around 46 structure types of binary and
ternary intermetallic compounds derive from the AlB2-type, one of the most simple structure
patterns, with three atoms in the crystalographic unit cell.10–12
Diborides of the main group and transition metals mainly adopt the well-known AlB2-
type of structure: an hexagonal structure comprised of honeycomb-like layers of boron atoms
separated by Al layers.10–12 However, with filling of the transition metal d shell, the stability
of this phase decreases, in which MoB2 and WB2 lie at the border of instability.13 As a
consequence, 3d and 4d metal diborides of group 7 and 8 take up a variant structure of
AlB2-type, in which the boron layers are no longer flat but puckered.14 Diborides having
puckered B layers exhibit extremely high mechanical hardness.15 We were interested in the
aspects of chemical bonding that drives such structural change. Chapter 6 is devoted to that.
Digallides can also adopt the AlB2-type of structure, though only a fraction compared
to diborides were experimentally found: CaGa22 (high temperature modification), SrGa2,
BaGa2, YGa2 and LaGa2.16 Digallides of alkaline-earth metals m-MgGa2 (metastable phase)
and CaGa2, as well as ScGa2, TmGa2, LuGa2 and EuGa2, crystallize in a related structure
type with puckered Ga layers.17,18 We address the difference between digallides and di-
borides of AlB2-type in Chapter 5, and also describe the chemical bonding situation in the
different structure types. However, by investigating the chemical bonding in diborides12
and digallides16 of AlB2-type, one finds that B – B bonds exhibit a different ELI topology
than Ga – Ga bonds. Therefore, before we discuss digallides in solids, Chapter 4 deals with
this topological difference. By using different schemes of orbital decomposition within the
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framework of the ωRSP approach, simple molecular systems were chosen as prototypes to
gain insight into the more complicated bonding scenario in intermetallic compounds.
The puckering of Ga layers in AlB2-type digallides can also be induced by hydrogenation.
It was found, that SrGa2 and BaGa2 incorporate hydrogen under mild conditions, which
results in a slightly puckered Ga layers.19,20 This leads to small structural changes but to
significant changes in physical properties, with a metal-semiconductor transition. Ternary
variants of the AlB2-type, in which the flat layers are made of alternated group 13 and 14
elements,4,5 were also examined in the light of chemical bonding descriptors in Chapter 7.
Together with digallides SrGa2 and BaGa2, some of those systems incorporate hydrogen as
well.
After introducing the basic, relevant methods of quantum chemistry and chemical bonding
in the first two chapters, the thesis is organized as follows. Chapter 4 confronts the different
ELI topology for B – B and Ga – Ga bonds to lay the ground for the analysis in solid state
compounds. Chapter 5 describes the bonding situation in digallides of AlB2, CaIn2 and
KHg2 type. Then, Chapter 6 follow up on the study done in diborides of AlB2-type12 by
investigating the chemical bonding in the structure types ReB2 and RuB2. Lastly, some
results on ternary variants of the AlB2-type are briefly presented in Chapter 7.
Chapter 2
Theoretical Methods
In this chapter, we formulate the basic problem of solving a many-body problem composed
of fermion particles in the density matrix representation. This formulation offers a simplistic
but useful way to view electronic interactions.
2.1 Density matrix representation
The quantum mechanical state of a time-independent system of N electrons is represented by
a wavefunction as
Ψ(x1 . . .xN), (2.1)
where xi ≡ (ri,σi) is a compbined space-spin coordinate of i-th electron and
∫
dx = ∑σ
∫
dr.
Thus Ψ has 3N space and N spin variables. In the Born-Oppenheimer approximation,21 the
time-independent Schrödinger equation for N electrons is
ĤeΨ(x1 . . .xN) =
(
T̂ +V̂en +V̂ee
)
Ψ(x1 . . .xN)
=
(
−1
2
N
∑
i=1
∇
2
i +
N
∑
i=1
Ven(ri)+
N
∑
i< j
1
|ri − r j|
)
Ψ(x1 . . .xN). (2.2)
Equivalently, one can describe a system of N electrons by the N-body density matrix22–24
Γ
(N)(x1 . . .xN ;x
′
1 . . .x
′
N) = Ψ(x1 . . .xN)Ψ
∗(x′1 . . .x
′
N). (2.3)
The wavefunction is normalized, which means that
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∫
Ψ
∗
Ψdx = 1, (2.4)
where dx denotes a general volume element and the integration is over all space. Because
electrons are indistinguishable with only pairwise interactions, the full density matrix of
Eq. (2.3) is unnecessary. Generally, the density matrix in Eq. (2.3) can be reduced from order
N to p:
Γ
(p)(x1 . . .xp;x
′
1 · · ·x′p) =
(
N
p
)∫
dxp+1 . . .dxNΨ(x1 . . .xN)Ψ
∗(x′1 . . .x
′
N), (2.5)
where the normalization factor is the binomial coefficient. Therefore, the first order reduced
density matrix, one-matrix, or simply 1-RDM is given as
Γ
(1)(x1;x
′
1) = ρ(x1;x
′
1) = N
∫
dx2 . . .dxNΨ(x1 . . .xN)Ψ
∗(x′1 . . .xN). (2.6)
Its diagonal part, when x1 = x
′
1, has the physical meaning of an electron distribution
function and thus may be interpreted as the probability of finding an electron with spin σ1 in
dr1 at r1, normalized to the total number of electrons in the system.
Similarly, the second-order reduced density matrix, or 2-RDM is given by
Γ
(2)(x1,x2;x
′
1,x
′
2)= π(x1,x2;x
′
1,x
′
2)=
N(N −1)
2
∫
dx3 . . .dxNΨ(x1,x2, . . . ,xN)Ψ
∗(x′1,x
′
2, . . . ,xN).
(2.7)
The diagonal part of Eq. (2.7), when x1 = x
′
1;x2 = x
′
2, is called pair density and represents
the probability of finding an electron with σ1 in dr1 at r1 and another one with σ2 in dr2 at
r2, normalized to the number of distinct electron pairs in the system.
Hence, we have the density and the pair density respectively as
ρ(x1) := ρ(x1;x1), π(x1,x2) := π(x1,x2;x1,x2). (2.8)
The average value of a one-particle operator Ôi can be computed using the 1-RDM:
⟨Ψ|∑
i
Ôi|Ψ⟩=
∫
Ô1ρ(x1;x
′
1)dx1
∣∣∣
x1=x′1
(2.9)
and a two particle-operator Ôi j using the 2-RDM:
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⟨Ψ|∑
i< j
Ôi j|Ψ⟩=
∫∫
Ô12π(x1,x2;x
′
1,x
′
2)dx1dx2
∣∣∣∣x1=x′1
x2=x′2
(2.10)
where, Ô acts only on unprimed variable and after the operation, we set x1 = x′1 and x2 = x
′
2.
With the above results, we can now form the average value of the electronic energy, which
reads:
Ee = ⟨Ψ|Ĥe|Ψ⟩= ⟨Ψ|∑
i
ĥi +
1
2
′
∑
i j
1
ri j
|Ψ⟩
=
∫
ĥ1ρ(x1;x
′
1)dx1
∣∣∣
x1=x′1
+
1
2
∫∫ 1
r12
π(x1,x2)dx1dx2
=−1
2
∫
∇
2
ρ(x1;x
′
1)dx1
∣∣∣
x1=x′1
+
∫
V1ρ(x1)dx1 +
1
2
∫ 1
r12
π(x1,x2)dx1dx2
(2.11)
in which ∑′i j = ∑i̸= j. Note that, due to the ∇
2 operator, the kinetic energy requires the
1-RDM and not only the diagonal part. The one electron operator ĥ is composed of the
kinetic energy term and the potential of nuclear-electron attraction:
ĥ =−1
2
∇
2 −∑
α
Zα
rα
= T̂ +V̂en, (2.12)
where α runs over the atomic nuclei. Within the Born-Oppenheimer approximation, the total
energy can be calculated as
E = Ee +Vnn = Ee + ∑
α<β
ZαZβ
Rαβ
(2.13)
where Ee is calculated at each fixed nuclear positions.
2.2 Hartree-Fock approximation
The postulate of the antisymmetric character of the wavefunction with respect to the exchange
of the coordinates of any two electrons led to the definition of the Slater determinant:
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Ψ =
1√
N!
∣∣∣∣∣∣∣∣∣
ψ1(x1) ψ1(x2) . . . ψ1(xN)
ψ2(x1) ψ2(x2) . . . ψ2(xN)
. . . . . . . . . . . . . . . . . . . . . . . . . . . .
ψN(x1) ψN(x2) . . . ψN(xN)
∣∣∣∣∣∣∣∣∣ . (2.14)
where ψi(xi) are othonormal one-electron functions, called spinorbitals, composed of spatial
part φi(ri) and a spin part σi that consists of two orthonormal functions:α for spin-up and β
for spin-down. From Eq. (2.14), two important properties are readily seen: if two electrons
have the same space and spin coordinates, then the determinant is zero; if two electrons have
the same space coordinates but different spins, the determiant will not vanish. Thus, electrons
of the same spin cannot occupy the same position in space, unless they have opposite spin.
We can now write the electron density at the point r as the expectation value of the
one-particle density operator ρ̂(r):
ρ̂(r) =
N
∑
i=1
δ (r− ri). (2.15)
The mean value of ρ̂(r) using a Slater determinant is then:
ρ(r) = ⟨Ψ|ρ̂(r)|Ψ⟩=
N
∑
i=1
⟨Ψ|δ (r− ri)|Ψ⟩=
N
∑
i=1
∑
σ
|ψi(r,σ)|2, (2.16)
where we utilized the Slater-Condon rules.25 If we assume the double occupancy of the
spatial orbitals φi, we have:
ρ(r) =
N/2
∑
i=1
2|φi(r)|2. (2.17)
Likewise, we can define the pair density π(r,r′) as the expectation value of the two-
particle density operator defined as:
π̂(r,r′) =
N
∑
i< j
δ (ri − r)δ (r j − r′). (2.18)
The expectation value of π̂(r,r′) is then:
π(r,r′) = ⟨Ψ|π̂(r,r′)|Ψ⟩ . (2.19)
After some algebraic manipulations, we arrive at:
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π(r,r′) =
1
2
N
∑
i, j=1
[
|ψi(r,σ)|2|ψ j(r,σ)|2 −ψ∗i (r,σ)ψi(r′,σ ′)ψ∗j (r′,σ ′)ψ j(r,σ)δσσ ′
]
.
(2.20)
From Eq. (2.17) with a spin σ , Eq. (2.20) turns into:
π
σσ ′(r,r′) =
1
2
[ρσ (r)ρσ
′
(r′)−ρσσ
′
x (r,r
′)δσσ ′], (2.21)
where the factor 1/2 is due to the normalization of Eq. (2.7). For a closed shell system,
ρα = ρβ = ρ/2, and summing over the spin, we have the spinless pair density as:
π(r,r′) =
1
2
[
ρ(r)ρ(r′)−ρx(r,r′)
]
. (2.22)
The term ρx is called the exchange pair density, and is due to the antisymmetry of the wave
function. When it explicitly includes correlation, then the term is called exchange-correlation
density, denoted as ρxc. We will use ρxc even when referring to exchange only. From
Eq. (2.20) we have:
ρxc(r,r
′) =
N
∑
i, j=1
ψ
∗
i (r,σ)ψi(r
′,σ ′)ψ∗j (r
′,σ ′)ψ j(r,σ)δσσ ′ = ρ(r;r
′)ρ(r′;r). (2.23)
The ψi are orthonormal, and when integrated we get:
∫∫
ρxc(r,r
′)drdr′ = 2
N/2
∑
i, j
⟨φi|φ j⟩⟨φ j|φi⟩= 2
N/2
∑
i, j
δi j = N. (2.24)
We can now build the electronic energy of Eq. (2.11) within the Hartree-Fock approxima-
tion using Eq. (2.22):
Ee =
∫
ĥ1ρ(x1;x
′
1)dx1
∣∣∣
x1=x′1
+
1
2
∫∫ 1
r12
[
ρ(x1)ρ(x2)−ρxc(x1,x2)
]
dx1dx2, (2.25)
i.e., the electron repulsion energy ⟨Ψ|∑i< j 1ri j |Ψ⟩ can be expressed by the pair density, which
is in turn expressed by the 1-RDM. In other words, within HF theory all properties depend on
the 1-RDM. A neat way to cast the energy expression is to define the Coulomb and exchange
operators, via their action on orbital ϕ(x1), as follows:
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Ĵ(x1)ϕ(x1) = ∑
j
Ĵ j(x1)ϕ(x1) = ∑
j
(∫
ρ j(x2)
r12
dx2
)
ϕ(x1), (2.26)
K̂(x1)ϕ(x1) = ∑
j
K̂ j(x1)ϕ(x1) =
∫
ρ(x1;x2)
r12
ϕ(x2)dx2. (2.27)
The Hartree-Fock method is a variational one that uses a wavefunction in the form of a
single Slater determinant. Variation of the occupied spinorbitals ψi in the Slater determinant
Ψ, subject to the orthonormality of the ψi then lead to the HF equations, i.e,. one-electron
pseudo-eigenvalue equations with the Fock operator as:
F̂(x)ψi(x) =
[
ĥ(x)+ Ĵ(x)− K̂(x)
]
ψi(x) = εiψi(x). (2.28)
2.3 Density Functional Theory
The expectation value for an eigenstate Ψ that can be expressed with the electron density:
ρ(r) = N
∫
|Ψ(x,x2, . . . ,xN)|2 dx2 . . .dxN , (2.29)
– i.e., the diagonal part of Eq. (2.6) –, is the potential Ven:
Eext = ⟨Ψ|V̂en|Ψ⟩=
∫
v(r)ρ(r)dr. (2.30)
The internal energy Eint = ⟨Ψ|T̂ +V̂ee|Ψ⟩ needs the 1-RDM to calculate the kinetic
energy T and the pair density (or the 2-RDM) to calculate the electron interaction Vee. Since
the 1-RDM and the 2-RDM contain more information than ρ , there was a question if one
could write the total energy as a functional of the density only. Hohenber and Kohn solved
this problem by providing that loss of information in a different way.
In 1964, Hohenber and Kohn provided two theorems that lay the foundations of DFT. The
first theorem states that: the external potential is determined, within a trivial additive constant,
by the density density ρ(r). Since the number of electrons N can be obtained from ρ(r),
then one is able to construct the Hamiltonian operator and consequently calculate the ground
state of the system. This theorem however proves neither the existence of universal density
functionals for external potentials nor the uniqueness of electron densities corresponding to
external potentials. The second theorem states that: the ground state energy can be obtained
variationally; the exact ground state is the global minimum of E[Ψ]. Simply put, this theorem
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describes how we can obtain the ground state energy E0 with the non-degenerate ground
state density.
In other words, the original spirit of DFT is to reformulate a Schrödinger equation in
which the density replaces the wavefunction, in order to calculate the ground state energy
without using the wavefunction. Hohenber and Kohn indeed provided a variational principle
that involves a functional F [ρ], which represents the internal energy as a functional of ρ .
Namely, one needs only to find the minimum for:
F [ρ] = ⟨Ψ|T̂ +V̂ee|Ψ⟩= ⟨Ψ|T̂ + Ĵ+ Ê ′xc|Ψ⟩ , (2.31)
where J is the classical Coulomb repulsion energy as in Eq. (2.25):
J =
1
2
∫∫
ρ(r1)ρ(r2)
r12
dr1dr2, (2.32)
and E ′xc is the conventional exchange-correlation energy:
E ′xc =
1
2
∫∫
ρxc(r1,r2)
r12
dr1dr2. (2.33)
Even if the Hohenberg-Kohn theorems serve as the fundament for the whole quantum
chemistry based on the electron density, it is insufficient to calculate electronic states. This
difficulty stems from the calculation of the kinetic energy T , which requires the full 1-RDM
and from the calculations of non classical electron interactions of the e−e interaction energy
Vee. However, the kinetic energy of a non-degenerate closed-shell system described by a
single Slater determinant has to be expressed in terms of the density, T [ρ]. The first attempts
to approximate T [ρ] used the uniform electron gas as the starting point. These approximations
proposed initially by Thomas, Fermi, Weizsacker and Dirac and their extensions fail to give
accurate results and are incapable to describe shell structure or chemical bonding. The
method proposed by Kohn and Sham (KS) solves the lack of accuracy of the theory by
giving up the direct solution with the electron density. They introduced orbitals to allow the
evaluation of the non-exact kinetic energy. Therefore, the expectation value of the kinetic
energy becomes:
⟨T̂0⟩=−
1
2
⟨Ψ|∑
i
∇
2
i |Ψ⟩=−
1
2 ∑i
⟨φi|∇2|φi⟩ , (2.34)
where Ψ is a Slater determinant made of KS orbitals φi. The assumption made by KS was
that a real interacting system with ground state density has an equivalent noninteracting
system with the same ground state density. Then:
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F [p] = T0[ρ]+ J[ρ]+Exc[p]. (2.35)
In this formulation, Exc accumulates the non-classical part of Vee and part of the missing
energy from the true unkown kinetic energy T [ρ]. We can therefore formally write:
Exc[ρ] =
(
T [ρ]−T0[ρ]
)
+E ′xc[ρ]. (2.36)
One can now proceed and apply the variational method to the KS functional:
E[ρ] =
∫
ρ(r)v(r)dr+T0[ρ]+ J[ρ]+Exc[ρ] (2.37)
to retrieve N HF-like one-electron pseudo-eingenvalue equations:[
−1
2
∇
2 + v(r)+
∫
ρ(r′)
|r− r′|
dr′+ vxc(r)
]
φi(r) = εiφi(r), (2.38)
where φi(r) are KS orbitals, εi are the KS orbital energies and vxc(r) is the exchange-
correlation potential. Now, Eq. (2.38) is formally exact and contains only one unknown term,
vxc(r).
The KS method provides a very interesting approximation to the problem of many-
electron systems. By introducing orbitals into the Hohenberg-Kohn theorems one obtains
the KS equations, which can be solved self-consistenly while the theory is, in principle,
exact. The advantage of calculating the non-interacting kinetic energy is appealing, because it
avoids the troublesome task to create a density-based approximation to the true kinetic energy
density. This difference is cast into the exchange-correlation energy. The KS machinery now
revolves around finding an approximation to the exchange-correlation density. Therefore,
approximations to the exchange-correlation energy are an ongoing field of research in
chemistry and physics and play fundamental role in the success of DFT.
2.4 Periodic systems
In order to actually solve the electronic structure problem in practice, we must choose a
mathematical representation for the one-electron orbitals φ j. We can expand the φ j in a
generic basis set described by basis functions ϕµ :
φ j(r) =
M
∑
µ=1
c jµϕµ(r), (2.39)
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where j labels the orbitals (or band), the sum runs over all the basis functions with dimension
(or size) of the basis set M, and c jµ are the expansion coefficients of the orbital j.
In a crystalline solid, the electrons move under a periodic potential v:
v(r) = v(r+Rn), Rn = n1a1 +n2a2 +n3a3, (2.40)
where Rn is the translational lattice vector and ai are the unit cell vectors. Bloch’s theorem is
a consequence of the periodicity of the lattice and the corresponding discrete translational
invariance. As a result, the wavefunction of an electron in a periodic potential must change
its phase when passing from one cell to another:
φ
(k)
j (r+Rn) = e
ik·r
φ j(r). (2.41)
where k is the wave vector in the Brillouin zone. As a result, Eq. (2.39) should be modified
as follows:
φ
(k)
j (r) = ∑
R
eik·R
M
∑
µ=1
c(k)jµ ϕµ(r−R). (2.42)
There are several methods to design Bloch functions in a computational and efficient
manner. However, the augmented basis set, in specific augmented plane waves (APW), are
of particular importance.
2.4.1 Augmented plane wave methods
The augmented plane wave (APW) method was developed by Slater in 1937. It was based
on the assumption that near an atomic nucleus the wavefunction and the potential behave
similar in an isolated atom, namely with stark variations but roughly spherical. In contrast,
in the interstitial region between atoms, the wavefunction and potential are smoother. As
a result, the space is partitioned into two regions: non-overlapping atom centered spheres,
usually called muffin-tin (MT) spheres with radius RMT and the interstitial region. In each of
the two regions, a different basis expansion is used: radial solution of Schrödinger equation
in the (MT) spheres and planewaves in interstitial region. The atomic-like solutions must
match in amplitude and derivative to the planewave set at the surface of the spheres. The
basis functions in the interstitial region are augmented with atomic-like functions inside the
MT sphere, and hence the name augmentation. A general augmented basis set has the form:
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ϕ
k
G(r) =
∑lm A
α,k
lm (G)u
α,k
l (|rα |,ε)Ylm(rα) for |rα |< R
α
MT
1√
Ω
ei(k+G)·r otherwise,
(2.43)
where G are the reciprocal lattice vectors of the plane wave expansion, k are the wave
vectors within the first Brillouin zone, Ω is the volume of the cell, Ylm(rα) are spherical
harmonic functions referred to the center of the sphere located at Rα , u
α,k
l (|rα |,ε) are the
regular solutions of the radial Schrödinger equation for energy ε with |rα | = Rα − r, and
Aα,klm (G,ε) are the expansion coefficients that are determined by matching and normalization
conditions. The APW method is not computationally efficient because the augmenting
function uα,kl (|rα |,ε) is energy denpendent. As a result, the radial functions u
α,k
l (|rα |,ε)
have to be calculated from unknown energies ε . This leads to a non-linear problem that
has to be solved interatively. One way to remediate this problem is to employ an energy
linearization scheme, which gave birth to the linearized augmented plane wave (LAPW)
method.
In the LAPW method, an energy-independent basis set becomes a linear eigenvalue
problem that can be solved using standard linear algebra techniques. This can be achieved
by expanding uα,kl (|rα |,ε) in Taylor series around a reference energy εν that represents a
suitable energy range:
uα,kl (|rα |,ε) = u
α,k
l (|rα |,εν)+(ε − εν)u̇
α,k
l (|rα |,εν)+O(ε − εν)
2, (2.44)
where u̇α,kl (|rα |,εν) =
∂ u̇α,kl (|rα |,ε)
∂ε
∣∣
ε=εν
is the energy derivative of the radial atomic orbital.
Thus, one replaces uα,kl (|rα |,ε) by a linear combination of the two linearly independent
functions uα,kl (|rα |,εν) and u̇
α,k
l (|rα |,εν) in order to eliminate the energy dependence. The
LAPW then becomes:
ϕ
k
G(r) =
∑lm
[
Aα,klm (G)u
α,k
l (|rα |,εν)+B
α,k
lm (G)u̇
α,k
l (|rα |,εν)
]
Ylm(rα) for |rα |< RαMT
1√
Ω
ei(k+G)·r otherwise.
(2.45)
The two unknown coefficients A and B are determined by matching the value and the slope
of the basis functions at the sphere boundary.
Within the LAPW method, there is one linearization energy for every l quantum number.
However, there are states that have different n quantum number but the same l quantum
number with clearly different energies. This specially happens for the so-called semi-core
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states – states that do not lie in the valence region but also not as low as the core states. To
circumvent this issue, local orbitals (LO) are introduced, defined as:
ϕ
LO
α (r) =

∑lm
[
Aα,LOlm u
α
l (|rα |,εν)+B
α,LO
lm u̇
α
l (|rα |,εν)
+ Cα,LOlm u
α
l (|rα |,εµ)
]
Ylm(rα) for |rα |< RαMT
0 otherwise,
(2.46)
because they are independent on G and k, and are confined to the muffin-tin sphere of a
specific atom α . Besides the radial function and its derivative at the energy εν , the ϕLOα
features an additional radial function evaluated at a new linearization energy εµ . The three
coefficients A, B and C are determined by imposing normalization, zero value and zero slope
at the muffin-tin boundary.

Chapter 3
Chemical bond descriptors in position
space
In this chapter, we delve into the bonding analysis in position space. Many approaches were
developed to recover and expand the classical viewpoint of chemical bonds, valence, charges
and others. Here, we lay the foundations of those approaches used in this dissertation.
3.1 Overview
The techniques and methods that compose this dissertation fall under a the term conceived
by Popelier: quantum chemical topology (QCT). It is based on the partition of the real
3-dimensional space into domains, cells or regions. The topological space partitioning of the
electron density ρ(r), devised by Richard F. W. Bader, built the core of the philosophy behind
QCT.26 His work defined an atom in real space, therefore the whole theory was named
quantum theory of atoms in molecules (QTAIM). The full topology of the density Laplacian
L(r) =−∇2ρ(r) was also investigated to recover the Lewis model to find a correspondence
between the VSEPR model and L(r).27 Later, Bader and coworkers worked out relationships
between the electron localization and the Fermi correlation to define measures of electron
localization and delocalization within the framework of QTAIM, called localization index
(LI) and delocalization index (DI). The latter is connected to the bond order. Among other
methods based on QTAIM atomic domains, the approach interacting quantum atoms (IQA)
provides an energy partition based on density matrices.28 Source Function and intra and
extracule densities are also other examples.29–31
Analysis of the topology of the electron density provides a mapping of important chemical
concepts such as atoms, bonds and structures. However, QTAIM gives no indications of the
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bonded and non-bonded electron pairs that correspond to the Lewis model. Later, Becke and
Edgecombe introduced a function called Electron Localization Function (ELF), that shows
the atomic core, bonding and lone-pair regions.32,33 Using a different approach, Kohout
derived a measure of electron localizability (ELI) based on the pair density that shows the
atomic shell structure and recovers the Lewis picture.34 Furthermore, it can be used at
any level of theory and be decomposed into orbital contributions.35–37 It is however worth
mentioning that several other proposals based on the pair density exist.38
3.2 QTAIM
The Quantum Theory of atoms in Molecules relies solely on the analysis of the electron
density topology to recover important chemical concepts such as atomic volume, shape,
charges, chemical bonds. The space partitioning is based on the zero-flux condition:
∇ρ(r) ·n(r) = 0, ∀r ∈ S(Ω), (3.1)
where S(Ω) is the surface bounding an atom Ω in a molecular or solid system, and n(r)
is the unit vector normal to the surface S(Ω). The condition of Eq. (3.1) yields space-filling
non-overlapping regions, called QTAIM basins, that complies with the basic principles of
quantum mechanics and that recast electronic properties into atomic contributions. For
example, the atomic electron population of a basin is easily computed with the integral:
N̄(Ω) =
∫
Ω
ρ(r)dr. (3.2)
The effective (or net) atomic charge is obtained by subtracting N̄(Ω) from the nuclear charge
Z(Ω):
Qe f f (Ω) = Z(Ω)− N̄(Ω), (3.3)
which essentially expresses the charge transfer in a molecule or solid. The total energy can
also be partitioned in an approach called Interacting Quantum Atoms.28
The topology of the electron density, like any other scalar field, can be described by its
critical points, which are zeroes of its gradient. Four types of critical points are possible
in three dimensions: a local minimum (Min), a local maximum (Max), and two types of
saddle points, bond critical point (BCP) and ring critical point (RCP). The number of positive
curvatures minus the number of negative curvatures provides an index to describe the critical
point, called signature. Together with the number of non-zero curvatures at the critical
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point, called rank, we can symbolize a critical point by (rank, signature). These points are
correlated with other features of molecular structure. Thus, a local minimum, for example,
has three positive curvatures, and is denoted as a (3,3) critical point. It is usually found in
cage structures, hence designated as a cage critical point. A maximum would be denoted
by (3,−3), since all three curvatures are negative; usually located at the nuclei. A saddle
point can either have two negative curvatures, (3,−1), or two positive curvatures, (3,1). A
(3,1) critical point is found at the center of ring structures like benzene, hence the name ring
critical point.
The number of different types of critical points n in a solid obey the so-called Pointcaré-
Hopf equation39,40
n(Max)−n(Min)+n(RCP)−n(BCP) = 0. (3.4)
3.3 Correlation of electronic motion
The story of relating bond multiplicity and quantum chemical calculation first started with
Coulson, when he connected bonds with the matrix representation of 1-RDM in the MO
basis within the framework of the Hückel theory.41 Later, Mulliken analysis further explored
the electronic distribution among the atoms based on their respective atom-centered atomic
orbitals.42–45 In 1968, Wiberg defined a two-center bond index within the CNDO semi-
empirical theory, then called Wiberg index,46 which is equal to the ideal integer value one
assigns to bond order in H2, N2, O2, ethane, ethene, ethyne, etc. In 1975 Giambiagi et al.
generalized the Wiberg index for cases in which the overlap matrix is not equal to unity,
i.e., built from a non-orthogonal basis set.47 Seemingly unaware of Giambiagi’s work,48
in 1983 Mayer utilized the same expression applied to a closed shell ab-initio theory.49
With the development of the QTAIM theory, Bader and coworkers worked out relationships
between the electron localization and the Fermi correlation to define a measure of electron
delocalization in physical space.50–54 Our focus in this section is to review the concept of
delocalization indices within the QTAIM partitioning.
3.3.1 The Fermi hole density
As already seen, pair-wise interactions can be described by the (spinless) pair density, which
is the diagonal part of the 2-RDM of Eq. (2.7):
π(x1,x2) =
N(N −1)
2
∫
|Ψ|2(x1,x2, . . . ,xN)dσ1dσ2dx3 . . .dxN , (3.5)
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where the integration operates over the spin coordinates of the first two electrons and over
the spin and space coordinates of the remaining N −2 electrons. The conditional pair density
is obtained by dividing the pair density πσσ2 (r1,r2) by the density of the reference electron
ρσ (r1):
π
σσ
cond(r1|r2) = ρσ (r2)−
ρσxc(r1,r2)
ρσ (r1)
. (3.6)
The exchange hole is defined as:23
ρ
σ
h (r1|r2)≡ π
σσ
cond(r1|r2)−ρσ (r2) =−
ρσxc(r1,r2)
ρσ (r1)
, (3.7)
which is also called Fermi hole. It describes the probability density of finding an electron
at r2, when another same-spin electron is located at the reference position r1, with all the
other electrons located somewhere in the space. Note that the Fermi hole is a non-positive
quantity and that it is a function of r2 which is parametrically dependent on the position of
the reference electron r1. In the 1-determinant approximation, the Fermi hole in terms of the
orbitals φi for a σ -spin becomes (cf. Eq. (2.23)):
ρ
σ
h (r1|r2) =−
∑i, j[φi(r1)φ j(r2)φ∗i (r2)φ∗j (r1)]
∑i φ
∗
i (r1)φi(r1)
, (3.8)
where the sums run over the σ spinorbitals. We also see that the Fermi hole density integrates
to −1: ∫
ρ
σ
h (r1,r2)dr2 =−
1
ρσ (r1)
∑
i, j
φi(r1)φ
∗
j (r1)
∫
φ j(r2)φ
∗
i (r2)dr2︸ ︷︷ ︸
δi j
=−1. (3.9)
which corresponds to the removal of one electronic charge at the position of the reference
electron. The density of the Fermi hole determines how the charge of a given electron is
spread out in the space around a second same-spin electron. It has been extensively explored
in the theory of bonding, since it carries information about the Pauli exclusion principle in
real space. Hence, several authors connected regions of electron localization by analysing
ρσh .
In 1982, Luken and Culberson analyzed how the Fermi hole changes with the position of
the reference electron in a molecular system.55,56 They devised a calibrated function based
on the curvature of ρσh and found that it has a non-uniform behavior. Later on, Becke and
Edgecombe constructed the ELF function, which is also based on the curvature of the Fermi
hole, though with a different calibration.57 Their function, however, could reproduce the
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atomic shell structure and give signatures of core, bonds and lone-pairs in real space. See Ref.
9 for a detailed review. Another proposal was the domain-averaged Fermi-hole formulated by
Ponec,58 which is the integration of ρσh with r1 confined to a domain. Bader and co-authors
used the QTAIM atoms as domains, and together with the concept of the Fermi-hole density
and electron sharing, the localization and delocalization indices were born.51
3.3.2 Localization and Delocalization indices
Let us from now on identify the region of an arbitrary region as a QTAIM atom A, B etc. The
double integral of the pair density over A yields the average number of electron pairs in A:
D2(A) =
∫
A
∫
A
π(r1,r2)dr1dr2 = N(A)
2 −F(A), (3.10)
where N(A) =
∫
A ρ(r)dr is the average number of electrons found in the region A, also
known as the population of the region A. From Eq. (2.24), integration of ρxc over the whole
space yields −N, the total number of electrons in a system. If ρxc is integrated over A:∫
A
∫
A
ρxc(r1,r2)dr1dr2 =−F(A). (3.11)
F(A) is a measure of the correlation of electron motion within A.50,51 The magnitude of F(A)
is often termed localization index denoted by λ (A).53 If F(A) = N(A), then the average
number of pairs in A is N(A)2 −N(A). This situation implies that these electrons would be
totally localized in the region A. If F(A) < N(A), though, the electrons extend into other
regions.
The total electron pair population between both regions is given by integration the pair
density over the regions A and B:
D2(A,B) =
∫
A
∫
B
π2(r1,r2)dr1dr2 = N(A)N(B)−F(A,B), (3.12)
It also holds for F(B,A), and we have F(A,B) = F(B,A). The delocalization index is defined
as:
δ (A,B) = F(A,B)+F(B,A) = 2F(A,B), (3.13)
which is a quantitative measure of the electron pair sharing between basins A and B. It is
obvious that the total number of electrons assigned to A is F(A) plus all sharing in regions
A+X , where X ∈ {X ̸= A;B,C, ...}:
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N(A) = F(A)+∑
B
F(A,B), (3.14)
= λ (A)+
1
2 ∑X ̸=A
δ (A,X). (3.15)
Considering a whole system with total number of electrons N, if follows that:
∑
A
(
λ (A)+
1
2 ∑X ̸=A
δ (A,X)
)
= N. (3.16)
3.3.3 Calculation
The LI and DI are just the double integration of the exchange-correlation density, over the
atomic regions, i.e., the contribution to the pair density that describes the exchange of like-
spins electrons between the spin-orbitals φi. Within the 1-determinant approximation, the
calculation of the λ (A) depends on the overlap integrals Si j(A) =
∫
A φ
∗
i (r)φ j(r)dr through
the orbitals φi:
λ (A) = 2
N/2
∑
i, j
∫
A
φ
∗
i (r1)φ j(r1)dr1
∫
A
φ
∗
j (r2)φi(r2)dr2 = 2
N/2
∑
i, j
[Si j(A)]
2. (3.17)
The DI also follows:
δ (A,B) = 4
N/2
∑
i, j
∫
A
φ
∗
i (r1)φ j(r1)dr1
∫
B
φ
∗
j (r2)φi(r2)dr2 = 4
N/2
∑
i, j
Si j(A)S ji(B). (3.18)
When the calculation of the delocalization index is performed from a solid state APW
DFT code (see Subsection X), such as the one used in this dissertation, the exchange-
correlation density ρσxc is not explicitly given. Nevertheless, one usually proceeds by building
it from Kohn-Sham orbitals using the same Hartree-Fock expression. This approximation in
molecules proved to yield numerical values close to the HF ones.59
In solid state DFT calculations, the integration in Equations (3.17) and (3.18) is done over
the first Brillouin zone (BZ) of volume VBZ , which in practice is then given by a summation
over all k-points used in the actual calculation (KBZ):
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ρ
σ
xc(r1,r2) =
1
VBZ
σ
∑
n,n′
∫
BZ
φn,k(r1)φn′,k′(r2)φ
∗
n,k(r2)φ
∗
n′,k′(r1)θ(n,k)dk
≈ 1
KBZ
σ
∑
n,n′
∑
k,k′
φn,k(r1)φn′,k′(r2)φ
∗
n,k(r2)φ
∗
n′,k′(r1)θ(n,k), (3.19)
where n run over the bands and θ(n,k) are the occupation numbers that select only occupied
states. The Ángyán solid state formula for the delocalization index reads:
δ (A,B) =
4
K2BZ
∑
n,n′
∑
k,k′
Snk,n′k′(A)Sn′k′,nk(B)θ(n,k)θ(n
′,k′), (3.20)
in which the overlap integrals between crystal Kohn-Sham orbitals integrated over the region
Ω are:
Snk,n′k′(Ω) =
∫
Ω
φ
∗
n,k(r)φn′,k′(r)dr. (3.21)
3.3.4 Statistical Interpretation
The connection to statistical quantities can be made by defining the fluctuation (variance) σ2
in the atomic region A as:
σ
2(A) = N(A)2 −N(A)2 = ∑
n
n2Pn(A)−
[
∑
n
nPn(A)
]2
, (3.22)
which is just the difference between the average of squares N(A)2 and the square average
number of electrons N(A)2. By using Eqs. (3.10), (3.15) and (3.22), the fluctuation is given
as:
σ
2(A) = D2(A)+N(A)−N(A)2 = N(A)−λ (A). (3.23)
We can easily see the relation between the DI and the fluctuation in A using (3.15) and
(3.22):
σ
2(A) =
1
2 ∑B̸=A
δ (A,B). (3.24)
So half of the sum of all DIs for a given atom is the fluctuation in the average population of
atom A.
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Furthermore, the fluctuating charge σ2(A) on atom A can be decomposed into contribu-
tions from nearest-neighbors, i.e., atoms B whose QTAIM basins touch the QTAIM basin
A, and the remaining contributions from distant atoms. The number of close shared pairs
ζclose(A) and the number of distant shared pairs ζdist(A) for the basin A are thus defined as:60
2σ2(A) =
touching
∑
B̸=A
δ (A,B)+
non−touch.
∑
C ̸=A
δ (A,C) = ζclose(A)+ζdist(A). (3.25)
3.3.5 G(A,B) ratio: A–B bond fluctuation
Several compounds are not suitably described by the Lewis model of two electrons shared
between two centers. Diborane being one of the most prominent examples of an electron
pair shared between three-centers B – H – B. Therefore, the two-center DI was extented to
n-center sharing within the same formalism.61 In particular, an analogous sum rule of Eqs.
(3.15) and (3.16) for three-center index is:
N = ∑
A
F(A,A,A)+∑
A
∑
B̸=A
F(A,A,B)+∑
A
∑
B>A
∑
C>B
δ (A,B,C) (3.26)
and
N(A) = F(A,A,A)+
2
3 ∑B̸=A
F(A,A,B)+
2
3 ∑B̸=A
F(A,B,B)+
1
3 ∑B̸=A
∑
C ̸=A
C>B
δ (A,B,C). (3.27)
Note the fractions in Eq. (3.27) to ensure only a participation from A in the 3 center factors.
The genuine 3 center index is also given by the overlap matrices:
δ (A,B,C) = 6
σ
∑
i, j,k
Si j(A)S jk(B)Ski(C), (3.28)
which is just a generalization from Eq. (3.18); 6 = 3!.
We have the localization index given in the three-center format as
λ (A) = F(A,A) = F(A,A,A)+
1
3 ∑B̸=A
F(A,A,B) (3.29)
and from Eq. (3.27) and knowing that σ2 = N(A)−λ (A), we find the fluctuation in the
three-center format as
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σ
2(A) =
1
3 ∑B̸=A
F(A,A,B)+F(A,B,B)+ ∑
C ̸=A
C>B
δ (A,B,C)
 . (3.30)
Knowing that σ2(A) = 12 ∑B̸=A δ (A,B), we have the term in the brackets of Eq. (3.30) being
δ (A,B) =
2
3
[F(A,A,B)+F(A,B,B)]︸ ︷︷ ︸
∆(A,B)sel f
+
1
3 ∑C ̸=A,B
δ (A,B,C)︸ ︷︷ ︸
∆(A,B) f luc
. (3.31)
Eq. (3.31) shows that one can decompose as self-charge, ∆(A,B)sel f , and fluctuating
charge, ∆(A,B) f luc, with the genuine three-center contributions ∑δ (A,B,C).61 However, if
∆(A,B) f luc = 0, meaning that there is no three-center bonding contribution, then δ (A,B) =
∆(A,B)sel f :
δ (A,B) = ∆(A,B)sel f =
2
3
[F(A,A,B)+F(A,B,B)]
1 =
2
3
[F(A,A,B)+F(A,B,B)]
δ (A,B)︸ ︷︷ ︸
≡S
. (3.32)
and S = 1.5. But if we have an ideal three-center bonding, given H3+ as reference system, we
find that S = 1, because ∑C ̸=A,B δ (A,B,C) = δ (A,B,C), as the system has only three atoms,
and δ (A,B,C) = δ (A,B) = 0.444.
Nevertheless, a different, more suitable ratio G(A,B) was defined to characterize the
three-center character of a bond A – B in more complex systems:12
G(A,B) =
δ (A,B) f luc
1
2δ (A,B)sel f
=
∑C ̸=A,B δ (A,B,C)
[F(A,A,B)+F(A,B,B)]
. (3.33)
The relation between S and G(A,B) is given by
S = [2/3+1/3G(A,B)]−1. (3.34)
So if G(A,B) → 0 ∴ S → 1,5, then there is no three-center bonding, and thus, A – B is a
perfectly localized 2c-2e bonding. If G(A,B)→ 1 ∴ S → 1, then A – B represents a perfect
3c-2e bonding. The definition of the ratio G has an advantage of being decomposed into
separate three-center contributions δ (A,B,X)
δ (A,B,B)+δ (A,A,B) .
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3.4 Electron Localizability Indicator
The ω-restricted space partitioning (ωRSP) approach provides a recipe to partition the posi-
tion (or momentum) space, which allows the analysis of electronic interactions. The electron
localizability indicator (ELI) is a family of functionals that use the electron density and the
pair density as ingredients. Each member is devised by the type of spin channel and how
the ingredients are mixed together, which yields different insights into the bonding situation
of the investigated system. The ωRSP approach has been extensively studied,8,34,35,62–64
including a recent review.9 This section outlines the basic concepts of the approach.
3.4.1 ω-restricted space partioning
In a nutshell, this approach is based on a partitioning scheme to ’probe’ samples of a ’quality’,
which results in a discrete distribution of values that can be further analyzed. A functional
representing a certain distribution is derived from the integrals of the so-called sampling
function over the regions of the ωRSP, which in turn is based on integrals of the so-called
control function.
The regions µi of the ωRSP must be nonoverlapping and space filling. In principle, the
regions µi can adopt any shape. However, in order to analyse local effects, the regions should
be as compact as possible. The integral of the m-particle control function fc(r1,r2, · · · ,rm)
over the volume Vi of each region µi must have the same fixed value ω:34
ω =
∫
µi
dr1
∫
µi
dr2 · · ·
∫
µi
fc(r1,r2, · · · ,rm)drm, (3.35)
i.e., all coordinates are inside the region µi. Then the volume of the region µi depends on the
function fc. The ωRSP regions are termed micro-cells, if ω is sufficiently small. In this case,
the control function can be approximated with the Taylor expansion around a point ai inside
the micro-cell region µi:8
ω = tc(ai)V
ϑc
i + εc(ai), (3.36)
where tc is the first non-vanishing term of the Taylor expansion and Vi is the volume of the
micro-cell µi. The term εc represents all the higher terms from the Taylor expansion and be-
comes negligibly small with decreasing Vi. Similarly, the sampling property fc(r1,r2, · · · ,rn)
is given by:34
ζi =
∫
µi
dr1
∫
µi
dr2 · · ·
∫
µi
fs(r1,r2, · · · ,rn)drn = ts(ai)V
ϑs
i + εs(ai). (3.37)
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In Eq. (3.36), the volume can be factorized to write Eq. (3.36) as:
ζi = ts(ai)
[
ω − εc(ai)
tc(ai)
]ϑs/ϑc
+ εs(ai) = ts(ai)
[
ω
tc(ai)
]ϑs/ϑc
+ ε(ai), (3.38)
in which we gathered all the errors in ε(ai). The sampling values ζi can be rescaled by the
factor ωϑs/ϑc:34
ζi
ωϑs/ϑc
≈ ts(ai)
[
1
tc(ai)
]ϑs/ϑc
, (3.39)
in which for sufficiently small ω , ε(ai) becomes neglegible. Furthermore, the resulting
function in Eq. (3.39) does not contain the restriction ω , even though is dependent on it.
Thus, taking ω → 0:34
lim
ω→0
{ζi/ωϑs/ϑc}= ts(r)
[
1
tc(r)
]ϑs/ϑc
= ts(r)Ṽ
ϑs(r). (3.40)
The term Ṽ ϑs(r) is the limit of the rescaled micro-cell volume, called m-particle volume
function. Note that when reducing ω to a small value the distribution ζi remains discrete, but
one can make it as dense as desired. That is why one calls it a quasi-continuous distribution.
To simplify the notation, we use the rescaled m-particle volume function as V , without the
tilde.
3.4.2 ELI-D
The spin-resolved distribution functions electron density ρ(r) and the pair density π(r1,r2),
used either as fc or fs, proved to be very useful in analysing the chemical bonding in
molecules and solids.65–68 Although not restricted to, we consider herein only the same-
spin electron pairs. Before assigning which of ρσ (r) and πσσ (r1,r2) is sampled, their
integrals must be supplied. Within the ωRSP approach, these integrals need not be explicitly
calculated.34 For a sufficiently small micro-cell volume Vi, we have that the σ spin charge
can be approximated as34,69
qσi =
∫
µi
ρ
σ (r)dr ≈ ρσ (ai)Vi, (3.41)
and the same-spin pair population as
Dσσi =
∫
µi
∫
µi
π
σσ (r1,r2)dr1 dr2 ≈ gσ (ai)
V 8/3i
12
, (3.42)
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with the Fermi hole curvature gσ (ai) at the position ai.34,70,71
If the same-spin pair population has a fixed value in each micro-cell (i.e., Dσσi = ω), then
sampling the σ -spin density yields the ELI-D values ϒσD(r). In the limit after rescaling, the
functional ELI-D ϒσD(r) is written as:
63
ϒ
σ
D(r) = ρ
σ (r) ·V σD (r) = ρσ (r) ·
[
12
gσ (r)
]3/8
, (3.43)
in which V σD (r) is the volume containing a fixed fraction ω of same-spin pair and is called
pair-volume function. Thus, ELI-D is proportional to the charge needed to form a pair at a
point r. If the motion of same-spin electrons is highly correlated, which means they repel
each other, then a higher electron density is necessary to form a pair.
ELI-D displays atomic shell structure, as well as signatures for chemical bonding, by
analysing its topology in an analogous way as in the QTAIM method. Local maxima
are identified as lone pairs, bonds or cores, that give rise to basins. Each ELI-D basin is
correspondingly classified as lone pair, bond or core basin, depending on its location and
number of neighbouring ELI-D basins. Integration of the electron density within an ELI-D
basin A yields its average electronic population, similar to Eq. (3.2). The ELI-D/QTAIM
intersection technique finds the part of the volume of the ELI-D basin that belongs to a
certain QTAIM atom.72 Integration of the electron density over the intersected volume
determines the amount of charge a particular QTAIM basin contributes to the total ELI-D
basin population. For instance, in a non-polar bonding situation an ELI-D bonding basin is
divided by two QTAIM basins into two equal parts. Therefore each part contains 50% of the
ELI-D basin population. For an ELI-D core basin, its whole volume is contained inside a
QTAIM basin, hence there is no segmentation.
Additionally, the location in space and shape of a valence basin is also related to its
synaptic order,73,74 which is the number of core basins that have a common separatrix with it.
Valence basins can be asynaptic, monosynaptic, disynaptic or polysynaptic. The location and
the synaptic order of valence basins have proved to be useful tools for distinguishing among
several possible bonding patterns in complex crystal structures.75 It also complements the
information provided by the QTAIM approach.
The functional ELI-D, given as product between the electron density and the pair-volume
function in Eq. (3.43), allows the exact decomposition of the total ELI-D into additive
positive contributions in the same way as the electron density can be decomposed:35
ϒ
σ
D(r) =
occ.
∑
i
ρ
σ
i (r) ·V σD (r). (3.44)
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Thus, pELI-D is the sum of a selected set of orbital densities multiplied by the pair-volume
function. Here, the pair-volume function is calculted using all the occupied orbitals. pELI-D
is then proportional to the amount of charge of a selected orbital. This charge represents
a contribution to the total charge contained in each micro-cell enclosing the same (fixed)
fraction of same-spin electron pair.35
Gradients and curvatures of the electron density and the pair-volume function can be
analyzed to understand the ELI-D attractor formation.64 The gradient of ELI-D is given as
∇ϒ
σ
D =VD ·∇ρ +ρ ·∇VD. (3.45)
The type of the ELI-D critical point is determined from the eigenvalues of the corresponding
Hessian matrix, i.e., the curvatures of ELI-D. Differentiating Eq. (3.45) leads to
∇
2
ϒ
σ
D =VD ·∇2ρ +ρ ·∇2VD +2∇ρ ·∇VD. (3.46)
Division by the local ELI-D value separate the density from the pair-volume dependence:
∇2ϒσD
ϒσD
=
∇2ρ
ρ
+
∇2VD
VD
+2
∇ρ
ρ
· ∇VD
VD
. (3.47)
3.4.3 ELI-q
Conversely, if the spin charge is chosen to have a fixed value in each micro-cell (i.e., qσi = ω),
then sampling the same-spin pair population yields the ELI-q values ϒσq (r). In the limit after
rescaling, the functional ELI-q reads:8,9
ϒ
σσ
q (r) =
1
12
gσ (r) ·V σq (r)8/3 =
1
12
gσ (r) ·
[
1
ρσ (r)
]8/3
, (3.48)
in which V σq (r) is the volume containing a fixed fraction ω of σ -spin charge and is called
charge-volume function. Thus, ELI-q is proportional to the number of electron pairs formed
from a fixed amount of charge at the point r.
Although ELI-q can be decomposed into orbital contributions, denoted as "partial ELI-q"
(pELI-q),76 it has clear differences to its counterpart pELI-D. In partial ELI-q, the charge
volume function Vq(r) is calculated using all orbitals, and the Fermi hole curvature gσ (r) is
computed with the selected orbital pairs φi and φ j.76 For time-independent single-determinant
wave function, gσ (r) is expressed with orbitals φi(r) as:70,71
gσ (r) =
occ,σ
∑
i< j
|φi(r)∇φ j(r)−φ j(r)∇φi(r)|2. (3.49)
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The partial ELI-q then reads:76
pϒσσq (r) =
R
∑
i< j
|φi(r)∇φ j(r)−φ j(r)∇φi(r)|2 ·
V 8/3q (r)
12
, (3.50)
where the indices i and j run over spin-orbitals φi and φ j that belong to the selected set R.
The orbitals φi and φ j are therefore mixed in the sum of orbital products and derivatives
of Eq. (3.49). Eq. (3.50) can be abbreviated to pELI-q(R). Let us consider two sets R and
S having no orbitals in common. The result of the sum pELI-q(R)+pELI-q(S) is clearly
different from pELI-q(R+ S). The last term have mixed products between the two sets
R and S, and in fact can be cast into one set, say T = R+ S. On the other hand, the sum
pELI-q(R)+pELI-q(S) lacks mixed orbital products between the two sets R and S. In contrast,
for pELI-D we have that pELI-D(R)+pELI-D(S) = pELI-D(R+S).
Chapter 4
Molecules as model systems for
intermetallic solids
The main focus of this chapter is to investigate the origin of the two ELI-D attractors
representing the Ga – Ga bond revealed in digallides of AlB2-type. We utilized simple
molecules as model systems for solid state calculations. Orbital decomposition of ELI-D and
ELI-q allow the evaluation of charge and pairs contributions to uncover the full topology.
Homonuclear group 13 and 14 ethene analogues
The planar molecules E2H4 (E = Tr = B, Al, Ga, In; E = Tt = C, Si, Ge, Sn) represent a
useful prototype for analysis of E–E bond in different molecules and solid state systems.
This molecule has D2h point group symmetry, in which the inversion center is at the midpoint
of the E–E distance (Figure 4.1). Although D2h Ga2H4 is a transition state,77 it affords the
best comparison to AlB2-type digallides due to the mirror-plane symmetry element σyz. The
global energy minimum for Ga2H4 has D2d symmetry.77
Fig. 4.1: E2H4 (E = Tr = B, Al, Ga, In; E = Tt = C, Si, Ge, Sn) molecule in D2h symmetry: E as green
and H as grey spheres.
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The molecules E2H4 in the D2d symmetry were characterized experimentally mainly by
infrared spectra,78–81 most of them are extremely unstable could only be stabilized in inert gas
matrices.82 Theoretical studies showed that these molecules have an increasingly tendency
to adopt a non-linear trans structure.83,84 Homonuclear group 13 and 14 ethene analogues
were successfully stabilized only by bulky substituents.85–87 For simplicity, however, we
concentrate on the hydrides.
The molecules E2H4 were optimized in the D2h point group symmetry with the Amster-
dam Density Functional package (ADF)88–90 with the B3LYP/QZ4P level of theory (see
Appendix A for computational details). The E–E interatomic distances are well in agreement
with previous calculations.77,84,91,92 The Tr–Tr optimized bond lengths increase from B2H4
to Al2H4 and from Ga2H4 to In2H4 (Table 4.1). However, the Ga – Ga distance is 0.12
Å shorter than Al – Al, which is attributed to the d-block contraction effect.93 The Tt–Tt
interatomic distances increase in the group. In gallium, the incomplete screening of the
nucleus by the relatively shallow 3d core state yields an anomalous spatial contraction of
the valence charge. This favors covalency over metallicity in Ga as though it were a lighter
element. Therefore, Ga is closer to B than to Al. Indeed, the Allred-Rochow electronegativity
values of B (2.0) and Ga (1.8) are more similar compared to Al (1.5).94
4.1 ELI-D topology of E2H4 series
The ELI-D topology follows the symmetry of the structure. For example, the ethyne molecule
C2H2 has cylindrical symmetry and therefore the triple bond between the two carbon atoms
is given as a torus.95 For double bonds, ELI-D often retrieves a topology with two attractors
between two atoms, such as C –– C in ethene molecule C2H4. Nevertheless, the ELI-D
topology along the Tr2H4 series signals a different effect other than a double bond.
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(a) B2H4 (b) Al2H4
(c) Ga2H4 (d) In2H4.
Fig. 4.2: ELI-D topology on the xz plane (see Figure 4.1) in the series Tr2H4 (Tr = B, Al, Ga, In). It
shows the appearance of the two Tr–Tr ELI-D attractors for Ga2H4 and In2H4.
For the Tr2H4 series, the ELI-D topology map on the σ(xz) plane is provided in Figure 4.2.
Whereas the Tr–Tr bonds in B2H4 and Al2H4 are represented by one ELI-D maximum at
the bond midpoint, Ga2H4 and In2H4 have two ELI-D maxima located above and below the
molecular plane yz. The ELI-D values at the attractor positions in between the Tr atoms
are: 2.82, 2.84, 1.47 and 1.28, from B2H4 to In2H4. As Ga2H4 and In2H4 have two such
attractors, the ELI-D values of 2.94 and 2.56 compare well with B2H4 and Al2H4. The
populations of the Tr–Tr valence ELI-D basins from B2H4 to In2H4 are 1.94 e, 1.97 e, 2.24
e and 2.20 e (Table 4.1). The basins of the two disynaptic attractors for Ga2H4 and In2H4
have been gathered together. Therefore, there are roughly two electrons on average for Tr–Tr
bonding, which indicates a single bond.
The fluctuations σ2 of the ELI-D bonding basins are higher in Ga2H4 and In2H4 than in
B2H4 and Al2H4. This can be explained by the fact that the sharing of electron pairs takes
place not only between bonding B and core C basins, but also between two bonding basins in
case of Ga2H4 and In2H4 (Table 4.1). The delocalization index between one of the Ga – Ga
bonding basin (BGa,Ga) and the Ga core basin CGa is δ (BGa,Ga,CGa) = 0.36 and between the
two Ga – Ga bonding basins is δ (BGa,Ga,B′Ga,Ga) = 0.50. Analogously for In2H4, it amounts
to δ (BIn,In,CIn) = 0.42 and δ (BIn,In,B′In,In) = 0.42.
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Table 4.1: Populations N̄ and fluctuations σ2 for Tr–Tr ELI-D bonding basins in the Tr2H4 series.
d(Tr–Tr) is the Tr–Tr interatomic distance. dval is defined as the distance between the two ELI-D
minima adjacent to the ELI-D maximum along the Tr–Tr interatomic line (see Figure 4.3). ϒσD(att.) is
the ELI-D value at the attractor position at the internuclear line midpoint of the Tr–Tr valence region.
Compound N̄ σ2 d(Tr–Tr) dval ϒσD(att.)
B2H4 1.94 0.72 1.74 1.23 2.816
Al2H4 1.97 0.66 2.62 1.01 2.844
Ga2H4 1.12 0.83 2.50 0.96 1.468
In2H4 1.05 0.81 2.84 0.89 1.275
Table 4.2: Delocalization indices between nearest ELI-D basins. BX,Y is the ELI-D bonding basin
representing the X – Y and CX is the ELI-D core basin corresponding to the atom X.
Compound b1 b2 δ (b1,b2)
B2H4 BB,B CB 0.12
Al2H4 BAl,Al CAl 0.22
Ga2H4 BGa,Ga CGa 0.36
BGa,Ga BGa,Ga 0.50
In2H4 BIn,In CIn 0.42
BIn,In BIn,In 0.42
b1: first ELI-D basin; b2: second ELI-D basin; δ (b1,b2): delocalization index between the
two ELI-D basins.
The chemical description of the electronic structure is often based on the separation of
core and valence electrons. Whereas core, or inner-shell, electrons remain unaffected in a
molecule, valence electrons reorganize and contribute to the bonding. In quantum chemical
calculations the core electrons may be treated separately and may even be eliminated. In
spite of that, computational studies pointed out the crucial role of Ga 3d and light-atom
core-valence correlation in geometric vibrational and energetic properties.96,97 In terms of
shell structure in real space, the core orbitals can interfere in the ELI-D topology as is the
case of the Li2 molecule.37 One of the most conspicuous difference between the Tr atoms is
their inner-shell structure, i.e. their atomic core. Therefore, it is interesting to analyze the
influence of the core size on the valence region.
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Fig. 4.3: ELI-D plot along the Ga – Ga interatomic line in Ga2H4. The valence region is defined as
dval: the distance between the two ELI-D minima adjacent to the ELI-D maximum.1
The core size of the Tr atom increases going down in the group.98 The space left for
bonding between the Tr atoms depends on the interatomic distance and on the size of the
Tr core region. In general, this is the region where the two Tr ELI-D distributions overlap
to form an attractor. We define the distance dval as the distance between the two ELI-D
minima adjacent to the ELI-D maximum along the Tr–Tr interatomic line, according to a
previous study,1 as shown in Figure 4.3. From Table 4.1, the values of dval decrease along
the group even at larger Tr–Tr bond distances, which brings the core region from each Tr
atom closer together. Therefore, the core orbitals can more easily extend over the valence
region, resulting in relatively low ELI-D values at the Ga – Ga and In – In bond midpoint.
That is, an electron is less alone-like at the bond midpoint.
4.2 Interplay of charge density and pair-volume function
The topology of ELI-D regarding the attractor formation can be analyzed by the interplay
between the electron density ρ(r) and the pair-volume function VD(r).64 Equation (3.47)
gives the relative Laplacian of ELI-D at any point in space. However, if this point of ELI-D
is a critical point of either ρ(r) or VD(r), the relative Laplacian of ELI-D simplify according
to64
∇2ϒσD
ϒσD
=
∇2ρ
ρ
+
∇2VD
VD
, at rc of ϒ
σ
D ∧ rc of ρ or VD. (4.1)
Because the terms ϒσD, ρ and VD are positive, the regions of negative ∇
2ϒσD are identical to the
regions of negative ∇2ϒσD/ϒ
σ
D and likewise for ∇
2ρ and ∇2VD. In this way, one can inspect
the role of ∇2ρ/ρ and ∇2VD/VD contributions at rc with respect to the sign of ∇2ϒσD/ϒ
σ
D,
which is displayed in Table 4.3a-d for Tr2H4 and Table 4.3e-h for Tt2H4 series. At the Tr–Tr
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bond midpoint, the negative ELI-D curvature in the internuclear direction z is caused by the
dominance of the term V
′′
D/VD with the negative curvature of VD, whereas the sign of the
curvatures in the perpendicular directions depends on the Tr atom.
By examining the ELI-D maxima in the Figure 4.2 – or the curvature in Figure 4.5a,c,e,g
– we see that the ELI-D attractor at the Tr–Tr bond midpoint moves out of Ga2H4 and In2H4.
That is, the signatures of the ELI-D critical point at the bond mindpoint change from Al2H4
to Ga2H4. More specifically, B2H4 and Al2H4 have a (3,−3) critical point, whereas Ga2H4
and In2H4 have a (3,+1) critical point at the bond midpoint. This change is controlled by
the greater positive relative curvatures of VD over ρ in the xy plane in Ga2H4 and In2H4.
Although the ELI-D single bond topologies are different, the regions of negative Laplacian of
ELI-D are the same due to the strong dominance of ∇2VD/VD. In contrast to B2H4 and Al2H4,
the negative Laplacian of ELI-D in Ga2H4 and In2H4 is mainly due to the term ∇2VD/VD,
while small and even a positive value of ∇2ρ/ρ were respectively found (Table 4.3c,d).
Turning to the Tt2H4 series, it should be mentioned that for Si2H4 a non-nuclear attractor
in the electron density at the Si – Si bond midpoint was found. It should also be said that
the electron density along the Si – Si path (z direction) is quite flat in the middle, with
ρ ′′/ρ =−0.02 (Table 4.3f). However, its sign remains the same regardless of the basis set
size. Nevertheless, the dominating contributions for the sign of the corresponding ELI-D
curvature (in bold) and Laplacian in Si2H4 are the same as in C2H4.
Along the Tt2H4 series, it is less clear to see the ELI-D topological change. C2H4 and
Si2H4 exhibit two ELI-D attractors corresponding to the Tt –– Tt bond. Though unlike B2H4
and Al2H4, a critical point (3,−1) of ϒσD is located at the Tt–Tt bond midpoint, because
there is only one positive ELI-D curvature in the perpendicular direction x (Table 4.3e-h).
However, the critical point changes to (3,+1) in Ge2H4 and Sn2H4 as a result of greater
V
′′
D/VD positive contributions than ρ
′′/ρ in the y direction. As in the triel series, the Laplacian
of ELI-D at the bond midpoint is negative, though the main contributions to its sign are
different. Whereas in C2H4 and Si2H4 the negative term ∇2ρ ′′/ρ dominates, in Ge2H4 and
Sn2H4 the negative term ∇2V
′′
D/VD prevails.
4.3 Charge decomposition of the ELI-D
ELI-D charge decomposition, denoted as "partial ELI-D" (pELI-D), identifies which orbital
density, or a sum of them, contributes to reveal features of the total ELI-D. From Section 3.4.2,
ELI-D is a product of the electron density ρ(r), a one-particle property, and the pair-volume
function VD, a two-particle property (cf. Eq. 3.43).8,64 pELI-D can be seen as orbital densities
scaled by the pair-volume function. In this form, the total ELI-D can be exactly decomposed
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Table 4.3: Decomposition of ELI-D curvatures and relative Laplacian into density and pair-volume
function contributions.a
location values specificationa ρ ′′/ρ + V
′′
D/VD = ϒ
σ ′′
D /ϒ
σ
D
(a) B2H4, d(B – B) = 1.74 Å
at B – B bond ϒσD = 2.816 z(i) +0.56 −3.59 −3.03
midpoint (D2h) ρσ = 0.07795 x −1.57 +1.06 −0.51
V σD = 36.13 y −1.43 +0.01 −1.42
type (3,−1) (3,+1) (3,−3)
Laplacian −2.45 −2.51 −4.96
(b) Al2H4, d(Al – Al) = 2.62 Å
at Al – Al bond ϒσD = 2.845 z(i) +0.02 −3.37 −3.35
midpoint (D2h) ρσ = 0.02876 x −0.69 +0.63 −0.06
V σD = 98.89 y −0.76 +0.48 −0.28
type (3,−1) (3,+1) (3,−3)
Laplacian −1.42 −2.27 −3.69
(c) Ga2H4, d(Ga – Ga) = 2.50 Å
at Ga – Ga bond ϒσD = 1.428 z(i) +1.19 −4.89 −3.70
midpoint (D2h) ρσ = 0.03257 x −0.80 +0.89 +0.09
V σD = 43.85 y −0.78 +0.84 +0.06
type (3,−1) (3,+1) (3,+1)
Laplacian −0.39 −3.16 −3.55
(d) In2H4, d(In – In) = 2.84 Å
at In – In bond ϒσD = 1.211 z(i) +1.49 −4.10 −2.61
midpoint (D2h) ρσ = 0.02465 x −0.66 +0.74 +0.08
V σD = 49.12 y −0.61 +0.70 +0.09
type (3,−1) (3,+1) (3,+1)
Laplacian +0.22 −2.66 −2.44
(e) C2H4, d(C – C) = 1.32 Å
at C – C bond ϒσD = 1.789 z(i) +0.88 −4.14 −3.26
midpoint (D2h) ρσ = 0.1787 x −1.75 +1.93 +0.18
V σD = 10.01 y −2.30 +1.36 −0.93
type (3,−1) (3,+1) (3,−1)
Laplacian −3.18 −0.85 −4.02
(f) Si2H4, d(Si – Si) = 2.13 Å
at Si – Si bond ϒσD = 1.770 z(i) −0.02 −2.57 −2.59
midpoint (D2h) ρσ = 0.05524 x −0.60 +0.83 +0.23
V σD = 32.04 y −1.09 +0.82 −0.27
type (3,−3) (3,+1) (3,−1)
Laplacian −1.71 −0.92 −2.63
(g) Ge2H4, d(Ge – Ge) = 2.21 Å
at Ge – Ge bond ϒσD = 1.304 z(i) +1.34 −5.31 −3.97
midpoint (D2h) ρσ = 0.05146 x −0.68 +0.95 +0.27
V σD = 25.34 y −0.99 +1.01 +0.02
type (3,−1) (3,+1) (3,+1)
Laplacian −0.33 −3.35 −3.68
(h) Sn2H4, d(Sn – Sn) = 2.57 Å
at Sn – Sn bond ϒσD = 1.146 z(i) +1.75 −4.57 −2.82
midpoint (D2h) ρσ = 0.03655 x −0.56 +0.77 +0.21
V σD = 31.35 y −0.76 +0.83 +0.07
type (3,−1) (3,+1) (3,+1)
Laplacian +0.42 −2.97 −2.54
a The dominating contributions for the sign of the corresponding ELI-D curvature or
Laplacian within each row are marked in bold. b For each point considered the direction
marked with "(i)" is parallel to the corresponding internuclear direction.
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(a) A.
(b) B1 and B2.
Fig. 4.4: Foster-Boys localized orbitals: a) one orbital A representing the Tr–Tr bond in Tr2H4 and b)
two equivalent B1 and B2 ("banana bonds") representing the Tt–Tt bond in Tt2H4.
into additive positive contributions in the same way as the electron density.35 Thus, one
can choose among any set of orbitals, for example, canonical or localized orbitals, natural
orbitals, (partial) k-summed energy bands (for solids) and Wannier functions (for solids).
It is well known that the ethene molecule has a C –– C double bond and that formally the
remaining group 14 analogues do have a Tt –– Tt double bond (Tt = C, Si, Ge, Sn) as well.
The ELI-D topology in the Tt2H4 molecular series displays two attractors (Figure 4.5). In
a previous study,64 it was found that the double ELI-D maxima in the C –– C bond for the
ethene molecule arise from the contributions of two similar Foster-Boys localized orbitals
with different phases, the so-called "banana bonds" (Figure 4.4b). Figure 4.5 provides plots
of pELI-D in the x direction through the bond midpoint, i.e. in the perpendicular direction
to the Tr–Tr and Tt–Tt interatomic line. The total ELI-D was reconstructed from localized
orbitals with shape shown in Figure 4.4. As can be seen from Figure 4.5b,d,f,h, the banana
bonds are recovered in the total ELI-D in ethene and similarly for Si2H4, Ge2H4 and Sn2H4.
All the Tr2H4 molecules however display just one Foster-Boys localized orbital denoted
as A (Figure 4.4a). This single localized orbital reveals the ELI-D attractor corresponding
to the Tr–Tr bond, regardless of the ELI-D double maxima in Ga2H4 and In2H4 (Fig-
ure 4.5a,c,e,g). Within this framework, one can easily discern the bond multiplicity between
Tr2H4 and Tt2H4. The pair of ELI-D attractors in Ga2H4 and In2H4 is clearly not a signature
of a double bond character.
The Tr–Tr bonds that show different ELI-D topology have the elements Ga and In with
filled (n− 1)d orbitals. This raises the question whether the d electrons cause the two
ELI-D maxima along the perpendicular line to the bond midpoint. In this regard, Figure 4.6
shows the contributions to ϒσD from the sets of canonical molecular orbitals (CMOs) in the
molecules Ga2H4 and In2H4. The orbital sets are divided into valence, semicore and the sum
of semicore and valence CMOs. We point out that the canonical molecular orbitals are linear
combinations of atomic orbitals (LCAO). However, the participation of the atomic orbitals
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(b) C2H4.
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(c) Al2H4.
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(d) Si2H4.
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(f) Ge2H4.
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(h) Sn2H4.
Fig. 4.5: Partial ELI-D from Foster-Boys localized orbitals in Tr2H4 and Tt2H4 molecules (cf.
Figure 4.4). The plots run along the perpendicular direction to the Tr–Tr and Tt–Tt through the
bond midpoint. Localized orbitals calculated at B3LYP/aug-cc-pVTZ level, except In and Sn with
cc-pVTZ-DK basis set.
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Fig. 4.6: Partial ELI-D from selected set of canonical molecular orbitals for Ga2H4 and In2H4 along
the direction perpendicular to the Tr–Tr internuclear line through the bond midpoint.
(LCAO coefficients) to the ten semicore bonding and antibonding CMOs are mainly given
by atomic orbitals of d symmetry. The coefficients from other atomic orbitals of different
symmetries are less than 0.1. We therefore denote the ten semicore canonical molecular
orbitals as d CMOs, which are displayed in Figure 4.9.
Of course, the sum of d and valence orbitals recovers the total ELI-D (red dotted lines
in Figure 4.6), because the core orbitals are regarded as chemically inert. The ten d CMOs
give a small positive contribution at the bond midpoint. At last, only the five valence CMOs
display the two ELI-D attractors (green line in Figure 4.6).
As a matter of fact, only a few CMOs give nonzero contribution to ELI-D due to
symmetry. Figure 4.7 reveals which d and which valence CMOs in Ga2H4 are responsible
for the behavior seen in Figure 4.6a. Out of ten d CMOs, two exhibit a maximum and
one exhibits a node at the bond midpoint (Figure 4.7 left). Their sum recovers the blue
curve in Figure 4.6a. Among the valence CMOs, two out of five have proper symmetry to
display the two ELI-D attractors found in the total ELI-D (Figure 4.7 right). The colored
three-dimensional isosurfaces of d and valence CMOs, together with their symmetry and
energy, are shown in Figures 4.9 and 4.10.
Partial ELI-D cannot detect whether the d-orbitals play any role in decreasing the electron
localizability at the bond midpoint, since the contribution of the valence molecular orbitals
recovers the main features of the total ELI-D. Namely, the information about the appearance
of the double ELI-D maxima is excluded in a single particle property. Thus, the different
chemical bonding of Ga – Ga and B – B does not stem from the contributions of d-orbital
densities.
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Fig. 4.7: pELI-D in Ga2H4: nonzero contributions from d (left) and valence (right) canonical
molecular orbitals along the direction perpendicular to the Ga – Ga internuclear line through the bond
midpoint. See Figures 4.9 and 4.10 for isosurface plots of the canonical molecular orbitals.
4.4 Pair decomposition of the ELI-q
ELI-q is another way to access local same-spin pairing information. Besides different
exponents (cf. Section 3.4), ELI-q is inversely proportional to ELI-D, which indicates how
much electron pairs can be formed from a fixed amount of charge.8,9,34 Whereas in ELI-D
the electron pair population is fixed, in ELI-q the electronic charge is fixed. That is, ELI-q is
based on a charge-restricted partitioning. Then, ELI-q is proportional to a distribution of pair
populations. As explained in Section 3.4.3, partial ELI-q can be used to decompose a two-
particle property, given by Eq. (3.50). Because the term gσ (r) appears in the numerator of
Eq. (3.50), separate contributions can be added to recover parts of the total ELI-q topological
features.76 It differs from pELI-D because the two-particle function gσ (r) is decomposed,
instead of the one-particle function ρ(r). We can now examine how different same-spin pair
populations influence the ELI-q topology.
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Fig. 4.8: Total and partial ELI-q in Ga2H4 and In2H4 from selected sets of canonical molecular
orbitals: total ELI-q (black line), d and valence orbitals (red dotted line), d only (blue line), valence
only (green line), sum of d only and valence only (orange line). The plots run along the direction
perpendicular to the Tr–Tr internuclear line through the bond midpoint.
The partial ELI-q calculated with Eq. (3.50) for Ga2H4 and In2H4 is provided in Fig-
ure 4.8. In comparison to ELI-D, ELI-q shows two minima instead of maxima, due to the
inverse proportionality between the two functions (cf. Eqs. (3.43) and (3.48)). Although the
set of d + valence CMOs closely follows the total ELI-q topology, the set of only valence
CMOs fails to reproduce the two minima (green lines in Figure 4.8), in contrast to pELI-D
(cf. Figure 4.6). Of course, as the d CMOs positively contribute at the bond midpoint, when
added to pELI-q(valence), there is an increase of ELI-q (orange lines in Figure 4.8). In
case of Ga2H4, only if the d and the valence orbitals are mixed together in the gσ (r), the
double minima arises (red dotted line in Figure 4.8a). However, the mix of d and valence
orbitals is not necessary for In2H4, since pELI-q(d) + pELI-q(valence) yields the double
minima (orange lines in Figure 4.8b). This means that the d orbitals of indium have a greater
contribution at the In – In bond midpoint when compared to Ga – Ga in Ga2H4 (cf. blue
lines in Figure 4.8). The difference between Ga – Ga and In – In can also be connected to
the smaller space left for bonding in In2H4 than in Ga2H4 through the value of dval (cf.
Table 4.1). In this way, the dip in ELI-D values at the In – In bond midpoint is even more
pronounced.
We have seen that if a certain orbital has a node at a position in space, there is no
contribution to the ELI-D at this position. However, its orbital derivative is nonzero and
consequently accounted for in gσ (r). Within pELI-q, orbital pairs contribute with value
and derivatives to create pair populations with the same (fixed) amount of charge. Since
VD =
[
12
gσ (r)
]3/8
, we can deduce from the results of pELI-q that the d CMOs decrease the
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pair-volume function VD at the Tr–Tr bond midpoint. In the case of Ga2H4, the d-orbitals
must be accounted for in the calculations to reveal the proper ELI-q topology with two
minima.
4.5 Conclusions
The bonding situation was examined in the simple E2H4 molecular systems in the D2h point
group symmetry. Focus was placed in the ELI-D topology (characterization) of triel and
tetrel homonuclear bonds to relate to the ones found in solid state systems. In particular, we
addressed the appearance of ELI-D double maxima for Ga – Ga.
The ELI-D topology changes along the 13th group Tr2H4 series. Whereas B2H4 and
Al2H4 exhibit one ELI-D attractor representing the Tr–Tr bond, Ga2H4 and In2H4 give rise to
two ELI-D attractors. Partial ELI-D allows the orbital decomposition of the electron density.
The ELI-D double maxima found in the Ga – Ga bond in Ga2H4 does not represent a double
bond, whereby the two attractors are reproduced by a single localized orbital. This is in clear
contrast to Ge2H4, in which the ELI-D double maxima arises from the sum of two localized
orbitals.
The reasoning behind the appearance of the double attractor between the Ga atoms
is concealed in the pairing of orbitals, which is revealed by the partial ELI-q. The Ga
d-electrons enable the formation of the two attractors by lowering the pair-volume function
at the Ga – Ga bond midpoint. In other words, the different chemical bonding of Ga – Ga and
B – B stems from the contributions of d-orbitals to the orbital pairing.
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Ga2H4 canonical molecular orbitals
(a) 6ag: -0.809 Ha (b) 6b1u: -0.805 Ha
(c) 3b3u: -0.805 Ha (d) 1b1g: -0.802 Ha
(e) 1au: -0.801 Ha (f) 3b2u: -0.800 Ha
(g) 3b2g: -0.799 Ha (h) 7ag: -0.799 Ha
(i) 3b3g: -0.795 Ha (j) 7b1u: -0.789 Ha
Fig. 4.9: Ga2H4 d canonical molecular orbitals with its symmetry and energy in Hartrees.
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(a) 8ag: -0.473 Ha (b) 8b1u: -0.422 Ha
(c) 4b2u: -0.309 Ha (d) 4b3g: -0.290 Ha
(e) 9ag: -0.247 Ha
Fig. 4.10: Ga2H4 valence canonical molecular orbitals with its symmetry and energy in Hartrees.

Chapter 5
Digallides in Solids
Gallides of alkaline-earth metals represent a series of compounds that show a high flexibility
of gallium atoms with respect to chemical bonding. From isolated Ga atoms in the structure
of Ba10Ga,99 to two- and three-bonded Ga atoms forming molecular units in Ba8Ga7,100 and
up to four- and five-bonded Ga atoms in BaGa4.101 A more simple class is digallides with
the AlB2-type of structure. The chemical variability and simplicity of this structure-type
provide a fertile ground for systematic investigations of chemical and physical properties and
their connections to chemical bonding.
In 1935, Hofmann and Jäniche10 determined the structure of AlB2, which has a remark-
ably simple hexagonal crystal structure. The unit cell contains only three atoms (Figure 5.1):
aluminum atoms at the Wyckoff site 1a (0,0,0) and two boron atoms occupying the trigonal
prismatic positions at the Wyckoff site 2d (1/3,2/3,1/2) in the space group P6/mmm (No.
191). The crystal structure is built of two-dimensional infinite boron layers, in which each
boron atom has three other equidistant boron neighbors at a distance 1.74 Å (Figure 5.1).
Boron graphite-like layers are separated by hexagonal aluminum layers. The interlayer
distance is 3.26 Å , which is equals to the c lattice parameter. Hence, each boron has a 3+6
coordination within each trigonal prism, whereas each aluminum has 6+6 surrounding boron
atoms that form a hexagonal prism.
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Fig. 5.1: AlB2 structure type: a) unit cell and b) as a superstructure. Al as red and B as green spheres.
Digallides of representative, transition and rare-earth metals can adopt the AlB2-type.
REGa2 (RE = Gd, Ho, Eu, Tm) realize the AlB2-type or related distorted variants and upon
hydrostatic pressure can undergo structural transformations.18,102–104 REGa2 are however
excluded from this work, because of the high computational time required and the non-trivial
influence of f -electrons in bonding.
The digallides AEGa2 (AE = Mg, Ca, Sr, Ba) have related crystal structures.16,105 MgGa2
and CaGa2 crystallize in CaIn2-type (Figure 5.2) and SrGa2 and BaGa2 in AlB2-type (Fig-
ure 5.1). However, CaGa2 was also obtained in AlB2-type at high temperatures.16 Among
the group 3, YGa2 and LaGa2 adopt the AlB2-type,106–108 but ScGa2 and TmGa2 crystallize
in the distorted orthorhombic variant with the KHg2-type (Figure 5.3).109
In the structure type CaIn2 (Figure 5.2) the graphite-like layers are puckered, so that
the c-axis increases twofold. Each indium atom is equally displaced above and below the
subcell-mirror plane at z = 0.5. Compared to AlB2-type, the symmetry is reduced to the
klassengleiche subgroup P63/mmc, with a doubled c axis. The In– anions build a diamond-
like tetrahedral network and the Ca atoms sit at the cavities. The tetrahedron is however
non-ideal, since inter- and intralayer distances are different. Calcium is located at the center
of a trigonal prism surrounded by six indium atoms. Each indium is coordinated by 3+1
indium atoms and six calcium atoms.
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Fig. 5.2: CaIn2 structure type: M as red and X as green and blue spheres. The unit cell is highlighted.
The KHg2 crystallizes with orthorhombic symmetry in space group Imma (74).110 Its
structure (Figure 5.3) consists of puckered hexagonal nets of Hg atoms, in a chair-like
configuration.111 The Hg atoms have a distorted tetrahedral coordination, they are linked to
three Hg neighbors within the net and to a fourth one in the adjacent net below or above, thus
forming a three-dimensional network. The K atoms are located between the nets, slightly
displaced from the centers of the hexagons. The inter-layer contacts yield Hg quadrilaterals
whose size is dependent on the metal atoms. For instance, KHg2 has similar intra and
interlayers Hg – Hg distances. The K atoms are situated in the cavities of the 3D Hg – Hg
framework.
Fig. 5.3: Structure of KHg2: K as red and Hg as green spheres.
The AlB2 family of intermetallic compounds have been intensively investigated. Chemi-
cal bonding analyses mainly aimed to explain the remarkable stability of this structure-type
among diborides, its distortions into puckered nets in late 4d-5d transition metals and their
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physical poperties.112–116 Recently, QTAIM and ELI-D analyses were applied to diborides
of AlB2-type.12 In view of this study, diborides were considered to put the chemical bonding
analysis of digallides into perspective. This chapter investigates the chemical bonding in
digallides of AlB2-, CaIn2- and KHg2-type.
In order to explain the binary and ternary compounds, the following notation is used:
• M = an element that behaves as the cation in a compound.
• X = a main group element.
• AE = an alkaline earth element.
• TM = a transition metal element.
• RE = a rare earth element.
• Tr = triel, an element from the group 13.
• Tt = tetrel, an element from the group 14.
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Digallides across the Periodic Table
Tables 5.1 and 5.2 list the elements that form digallides MGa2, as well as diborides MB2. The
distributions of the AlB2 structure type across the periodic table for diborides and digallides
are quite different (Tables 5.1 and 5.2). AlB2-type diborides were not only experimentally
found for main group elements Mg and Al, but also for transition metals up to Fe, Tc and
W. With heavier elements, as Re, Os and Ru, related puckered structures were observed
instead.6,117,118 The number of AlB2-type digallides, in contrast, is more limited. Although
excluded from this work, several lantanides can form digallides. Besides the AlB2-type, they
also realize puckered variants of the CaIn2 and KHg2 type.16,18,102,103,107,108,119
Table 5.1: Occurrence of borides with the AlB2-type or related puckered structures.
M2 M3 M4 M5 M6 M7 M8
Mg
Sc Ti V Cr Mn Fe
Y Zr Nb Mo Tc Ru
Hf Ta W Re Os
red = AlB2-type.
violet = alternated planar and puckered B layers.
green = ReB2-type (puckered AlB2-type variant).
blue = RuB2-type (puckered AlB2-type variant).
Table 5.2: Occurrence of gallides with the AlB2-type or related puckered structures.
M2 M3 M4 M5 M6 M7 M8
Mg*
Ca* Sc Ti
Sr Y
Ba La Hf
red = AlB2-type.
green = CaIn2-type.
blue = KHg2-type.
violet = HfGa2-type.
* = metastable phase
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Table 5.3: Experimental and fully optimized lattice parameters (a/c) with the PBE functional for
MGa2 and MB2 experimentally found in AlB2-type: a/c lattice parameters. Distances are given in Å.
Compound Experiment Optimized
CaGa2 4.430/4.407* 4.332/4.287
SrGa2 4.291/4.736 4.372/4.780
YGa2 4.217/4.111 4.222/4.111
BaGa2 4.432/5.082 4.466/5.116
LaGa2 4.309/4.425 4.334/4.543
Compound Experiment Optimized
ScB2 3.148/3.517 3.143/3.524
TiB2 3.029/3.228 3.032/3.223
VB2 2.997/3.056 2.995/3.026
CrB2 2.973/3.074 2.976/2.937
YB2 3.290/3.835 3.295/3.860
ZrB2 3.169/3.531 3.173/3.543
NbB2 3.110/3.267 3.107/3.330
MoB2 3.039/3.063 3.025/3.333
HfB2 3.142/3.472 3.144/3.488
TaB2 3.097/3.221 3.096/3.328
WB2 3.020/3.050 3.017/3.368
* Metastable phase
5.1 Digallides and diborides of AlB2-type
Digallides and diborides up to 6th group of the periodic table (Cr, Mo, W) were fully
optimized with the PBE functional in the AlB2-type so as to simulate the effects of the
transition metals in the structure (See Appendix A for computational details). Since the
atomic positions are fixed by symmetry in the AlB2-type, only the lattice parameters a and c
are optimized. The experimental and optimized lattice parameters for MGa2 and MB2 are
compared in Table 5.3 and are in good agreement. The optimized lattice parameters deviate
less than 1% from the experimental values. Within digallides, the c axis parameter of CaGa2
was underestimated (4.287 Å vs 4.407 Å), which can be attributed to the metastable phase
measured as a high-temperature modification. Within diborides, the highest disagreements in
the c lattice parameter were obtained for MoB2 and WB2, compared with experiment.3,120
The optimization overestimates the c lattice parameters between 8% and 9%. Diborides
can be easily obtained in non-stoichiometric phases, which is not accounted for in our
calculations, which might be the source of the lattice constant deviation in MoB2. The boride
WB2 was first reported in AlB2-type3. Later, however, several experimental and theoretical
studies described the structure to be of ReB2-type (puckered variant of AlB2-type).15,121–125
As a result, the discrepancy in the c lattice parameter might be attributed to the metastable
AlB2 phase in WB2.
Figure 5.4 shows the c/a ratio of MB2 and MGa2 in the AlB2 structure type. AlB2-type
diborides are not experimentally found for c/a ratio greater than 1.2, i.e., CaB2, SrB2 and
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Fig. 5.4: Values of c/a ratio of MB2(a) and MGa2(b) in the AlB2 structure type. The AlB2-type
structure is experimentally observed between the dotted horizontal lines.
Table 5.4: Experimental and fully optimized lattice parameters for ScGa2 experimentally found in
the KHg2-type: a, b and c lattice parameters are given in Å.
Compound Experiment17 Optimized
a b c a b c
ScGa2 4.140 6.614 7.914 4.129 6.617 7.993
BaB2. For MB2 (Figure 5.4a), the experimentally observed compounds lie roughly between
c/a ratio 1.0 and 1.2; for MGa2, they lie above 0.975. Along the period, the c/a ratio
decreases for transition metal diborides in the region 1.0 < c/a < 1.2, whereas digallides
show a drop just below c/a = 1.0. The slight increase in c/a for CrB2 and MoB2 occurs for
the optimized lattice parameters but is absent for experimental geometries. Firstly, CrB2 is
magnetic,120 which was not taken into account in our calculations. Secondly, it was shown
that MoB2 volume decreases if defects are included in the optimization.126,127
In digallides, the c lattice parameter drives down the c/a ratio, since a remains virtually
constant. The c/a drop below 1.0 separates the stable AlB2-type from a related puckered
structure. Figure 5.4 shows that there is a certain range of c/a ratio in which the AlB2-type
digallides and diborides can be found. In both digallides and diborides of AlB2-type, there is
a tendency for c/a ratio to decrease within the period of the periodic table. Together with the
fact that different variants of AlB2-type are found as the c/a ratio decreases, we can conclude
that the smaller the c/a ratio, the greater the tendency to pucker.
The ScGa2 was found to adopt the KHg2 structure type.128 There is an excellent agree-
ment between the experimental and the optimized lattice parameters, shown in the Table 5.4.
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(a) (b)
Fig. 5.5: Local environment and selected electron density critical points in AlB2 structure type. The
black lines emphasize the nearest neighbors for Ga and M. Selected electron density critical points are
represented as cubes with different colors: green for Ga – Ga bcp, red for M–Ga bcp, blue for rcp and
black for minimum.
5.1.1 Analysis of QTAIM partitioning
Figure 5.5 provides the local environment of M and Ga atoms in the AlB2-type together with
electron density critical points. For all AlB2-type digallides, nearest neighbor Ga – Ga and
M–Ga bond critical points (bcps) were found, which are respectively illustrated as green and
red cubes in Figure 5.5a. Bond paths normally follow a straight line between two nuclei in
highly symmetric systems. However, bond paths can lie off the internuclear axis and deviate
from a straight line. This deviation has been linked to ring strain between carbon atoms
in cyclopropane.129 As the c axis decreases along the period, M–Ga bond paths become
inwardly curved. The M–Ga bcp gets closer to the center of the hexagonal ring as the c axis
decreases, which indicates a certain structural instability.
At the center of the Ga hexagonal ring, the electron density values of six Ga atoms and
two metals compete at that point, shown in Figure 5.5b as a black cube. Three factors are
important, namely the length of the c axis, which determines the interlayer distance, the
size of the metal M and the size of the Ga ring, given by the in-plane Ga – Ga distances. In
alkaline earth metal digallides, rcps are observed in CaGa2 and SrGa2. At a larger c axis,
BaGa2 exhibits a local minimum (or cage critical points (ccps)). Except for BaGa2, the
density from the Ga atoms reach the center of the Ga hexagonal ring faster than from the
metals, creating a ring critical point.
Accordingly, for early transition metal digallides, the critical point at the center of the
Ga hexagonal ring in ScGa2, YGa2, ZrGa2, LaGa2, HfGa2 is also a ccps. Subsequently,
TiGa2, M5 and M6 digallides display interlayer metal bcps, which agrees with short c lattice
parameters. As a comparison, all AlB2-type diborides display a ccps at the center of the
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(a) (b)
Fig. 5.6: QTAIM atomic basins of M and Ga in a) SrGa2 and b) MoGa2.
B(M3)B trigonal bipyramid (see triangle depicted in Figure 5.5) except MgB2, ScB2 and
TiB2, where bcps were found;12 and none show interlayer M–M bcps, only ccps.
The QTAIM basins of Ga and M in SrGa2 and MoGa2 are provided in Figure 5.6, as
both represent extreme volume differences of 79 Å3 (534 bohr3) and 46 Å3 (311 bohr3),
respectively. The c/a ratio decreases within the period, which is also accompained by a
decrease in the unit cell volume. The shape of the basins drastically changes with the volume.
The metal M QTAIM basins have a quasi-spherical shape in SrGa2, though quite flattened
surfaces in MoGa2 (Figure 5.7 in red). The Ga QTAIM basin is substantially smaller in
MoGa2 than in SrGa2, where the surface area between Ga atoms in the c plane has enlarged,
whereas in the ab plane has diminished. Therefore, the departure from the quasi-spherical
symmetry of the metal QTAIM basin indicates higher metal participation in covalent bonding.
The volume of Ga and M decrease, though differently. On the one hand, the volume
of Ga systematically decreases, at a rate independent on the period of the periodic table
(Figure 5.7a). Among the experimentally observed AlB2-type digallides (MGa2; M = Ca,
Sr, Y, Ba, La), QTAIM gallium volumes range from 29 Å3 (195 bohr3) to 23 Å3 (155
bohr3). However, up to M6 digallides, the gallium volume reaches 14 Å3 (96 bohr3), i.e., a
volume contraction of 51%. The boron QTAIM volume is much smaller than Ga. Besides
CaB2, SrB2 and BaB2, which were not experimentally found in AlB2-type, the boron volume
shrinks by only 33%. The gallium basins therefore undergo significant volume changes
compared to boron.
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(a) (b)
Fig. 5.8: Electron density topology of CaGa2 in CaIn2-type: Ga – Ga and M–Ga bond critical critical
points and the bond paths are represented as green cubes and yellow lines, respectively; b) QTAIM
Ca basin (red) and Ga basin (green).
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(b) M QTAIM volumes.
Fig. 5.7: Volumes of QTAIM atomic basins of M, Ga and B in AlB2-type MGa2 and MB2 series
along the 4th, 5th and 6th period up to M6 element.
On the other hand, the volume of M shrinks from CaGa2 to ScGa2, and from M2 to M4
in the fifth and sixth periods, but subsequently remains virtually constant. It is well known
that transition metal elements have small size variations across the period, given usually by
tabulated radii. In particular, 4d and 5d metals have similar absolute volumes. According
to Figure 5.7b, QTAIM volumes of transition metal elements reproduce the trend of atomic
radius found in the periodic table, regardless whether in diborides or digallides. The two
series differ only in the volumes absolute values. As a result, whereas the boron volume is
consistently smaller than M, the gallium volume is mostly larger than M.
The CaIn2-type bond critical points and QTAIM basins are shown in Figure 5.8. Bond
critical points are found not only between (Ga – Ga)ab and (Ga – Ga)c, but also between
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(a) (b)
Fig. 5.9: Electron density topology of ScGa2 in the KHg2-type: a) bond critical points (green cubes),
ring critical points (blue cubes), cage critical points (black cubes) and bond paths (yellow lines); b)
QTAIM Sc basin (red) and Ga basin (green).
M–Ga. The only difference in the electron density topology between MgGa2 and CaGa2
structures is that the bcp M–Ga is located closer to Mg when compared to Ca – Ga. The Ga
QTAIM volume is roughly the same in the two compounds: 25 Å3 (169 and 170 bohr3) for
MgGa2 and CaGa2, respectively. The Mg has much smaller volume with 8 Å3 (53 bohr3)
than Ca with 15 Å3 (98 bohr3).
The electron density topology in the KHg2-type is displayed for ScGa2 in Figure 5.9a.
All contacts between Sc and Ga are linked by bond paths. The Ga – Ga contacts are connected
by bond paths along the direction of the distorted Ga hexagons and between hexagons. For
instance, the quadrilateral formed by Ga atoms resembles one face of the cubane molecule,
where a ring critical point is located at the center of each face. Its edges are represented by
curved bond paths, which were related to the ring strain.129,130 The longer Ga – Ga distances
between the distorted Ga planes are also curved towards the metal atom. Additionally, a cage
critical point (minimum) is found at the center of each distorted Ga hexagon.
5.1.2 Analysis of two-center delocalization indices
Within the framework of QTAIM, delocalization indices (DIs) are a quantitative measure
of electron sharing between atomic basins and are therefore a powerful tool to describe
interatomic interactions. In this section, we use DIs combined with effective atomic charges
Qe f f (A) and their fluctuations σ2(A), to analyze AlB2-type digallides.
A recent study12 investigated the bonding situation in diborides of AlB2-type. It was
shown that for main group diborides MB2 the type of bonding M–B is predominantly ionic
and that the covalent electron sharing M–M is negligible. For transition metal diborides
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TMB2 along each row of the periodic table, the interactions TM–B become increasingly
covalent. Moreover, intra- and interlayer interactions TM–TM are increasing, which can also
be seen by the c/a ratio decrease (Figure 5.4a). Remarkably, B–B sharing decreases although
corresponding distances shorten along each row. The increase of the electron sharing TM–
B and TM–TM thus takes place at the expense of B–B sharing. "This counterbalancing
development of bonding features provides the explanation for the chemical flexibility of the
AlB2 structure type".12 Hence, we approached the bonding analysis in digallides along the
same lines as in diborides and put the results of AlB2-type digallides into perspective.
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Fig. 5.10: Plots of distances and their respective delocalization indices for digallides MGa2 in
AlB2-type along the 4th, 5th and 6th period up to M6 element. The metal with wich digallides were
experimentally found in AlB2-type are highlighted (rectangular box around the atomic symbol).
The DIs for four important interatomic distances along the 4th, 5th and 6th period up
to M6 transition metal elements is displayed in Figure 5.10. The digallides experimentally
found in AlB2-type (CaGa2, SrGa2, YGa2, BaGa2 and LaGa2) are highlighted in Figure 5.10.
The intralayer Ga–Ga distances d(Ga–Ga)ab have values in the range from 2.39 Å to 2.61 Å.
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Nevertheless, the DI δ (Ga,Ga)ab decreases within the period (Figure 5.10a), e.g. from SrGa2
to MoGa2, δ (Ga,Ga)ab values fall from 0.82 to just 0.33. The relation between in-plane
distances d(Ga–Ga)ab and DIs δ (Ga,Ga)ab is thus counter-intuitive – the smaller the distance,
the smaller the electron sharing. The same trend was found in AlB2-type diborides.12
New out-of-plane interactions take place, namely M–Ga, (M–M)c and (Ga–Ga)c (Fig-
ure 5.10b-d), and in-plane Ga–Ga bonds weaken in response. This compensation can be easily
understood with the concept of close ζclose(Ga) and distant ζdist(Ga) sharing of electron pairs
(see Section 3.3.4, Eq. (3.25)). Each gallium atom has a coordination sphere comprised of
eleven atoms: six metal atoms, three intralayer and two interlayer gallium atoms (Figure 5.5).
The sum of all these two-center DIs constitute the close electron pair sharing ζclose(Ga). The
overall increase of δ (Ga,Ga)c and δ (M,Ga) compensates the δ (Ga,Ga)ab decrease, as one
can see from the ζclose(Ga) behavior in Table D.6 in Appendix D. Due to their relationship
(cf. 3.25), distant pair sharing ζdist(Ga) generally decreases. When compared to MgB2, with
ζclose(B) of 3.48 shared pairs,12 alkaline earth digallides have much smaller values due to
significant difference in intralayer electron sharing. For instance, δ (B,B)ab value of 1.00
is considerably larger than δ (Ga,Ga)ab = 0.82 for SrGa2. This difference amounts to close
pair sharing ζclose(Ga) in CaGa2, SrGa2 and BaGa2 of 3.12, 3.16 and 3.07, respectively.
Their corresponding distant pair sharing ζdist(Ga) = 2σ2(Ga)− ζclose(Ga) are 1.02, 0.88
and 0.85, compared to ζdist(B) = 0.92 in MgB2. From this amount of ζdist(Ga), 31%(Ca),
44%(Sr) and 43%(Ba) are due to distant intralayer electron sharing, measured by two-center
DIs between six meta plus three para gallium atoms. The terms meta and para are used
here in a completely analogous way to determine the relative position of carbon atoms in
benzene derivatives in organic molecules. The highest values of ζmeta+para(Ga) are found for
experimentally observed AlB2-type digallides, which indicates the preferred structural motif
of flat Ga layers.
We can identify two different behaviors in DIs δ (Ga,Ga)c and δ (Ga,Ga)ab with their
respective distances. On the one hand, 3d metal digallides distances slightly vary with
decaying DIs, i.e., d(Ga – Ga)ab = 2.51 ± 0.02 Å (black line in Figure 5.10a). On the
other hand, considerable changes in d(Ga – Ga)ab for 4d and 5d metal digallides take place,
particularly an abrupt increase from Zr to Nb and Hf to Ta (red and blue lines in Figure 5.10a).
The strong decrease in δ (Ga,Ga)ab is thus tied up with a strong increase in δ (Ga,Ga)c (cf.
Figure 5.10a and c). As discussed in Section 5.1.1, this difference might be attributed to a
smaller volume of the Ga QTAIM basin than the transition metal element M5 and M6 (cf.
Figure 5.7). Conversely, across the 3d metals, Ga has a greater volume than M and therefore
controls the Ga – Ga distances.
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Fig. 5.11: Ga and M in AlB2-type digallides MGa2 of the 4th(black), the 5th(red), and the 6th period
(blue) of the periodic table a) QTAIM effective charges; b) QTAIM gallium atomic population N̄(Ga),
localization indices λ (Ga), and variances σ2(Ga).
Along each row of the periodic table, we observe a step-wise increase of δ (M,Ga) as
the distance shortens (Figure 5.10b). This trend is similar to the diborides, even in δ (M,Ga)
and δ (M,B) absolute values.12 The experimentally observed digallides in AlB2-type (M =
Ca, Sr, Y, Ba, La) have negligible (M–M)c and (Ga–Ga)c electron sharing in the c direction,
δ (M,M)c and δ (Ga,Ga)c, with DIs lower than 0.1 (Figure 5.10c-d). But the heavier the
element M, the larger is the δ (M–M)c and δ (Ga–Ga)c sharing, which produces the rapid
c/a ratio contraction. The buildup of δ (M,M)c is steeper than δ (Ga,Ga)c. For transition
metals M5 and M6, δ (M,M)c values range between 0.54 and 0.86, whereas DIs δ (Ga,Ga)c
are around 0.32.
The d(M–M)ab distance is related to the a axis, which is quite long compared to diborides.
In digallides, d(M–M)ab = 4.35Å on average and 3.10 Å in diborides. As a result, the DI
δ (M,M)ab values are very small throughout the series – maximum of 0.05 – and are therefore
omitted from further considerations. In contrast, diborides have increasingly higher DIs
δ (M,M)ab along the period, which is in line with decreasing a lattice parameters.12
It was found that AlB2-type diborides increase M–B covalency as the metal and boron
atoms become less charged along each row of the periodic table.12 Similarly, M and Ga
also become less charged, given by the QTAIM effective charges in Figure 5.11a, while
M–Ga covalent bonding increases and Ga–Ga bonding decreases, given by δ (M,Ga) and
δ (Ga,Ga)ab, respectively. That is, the increased M–Ga covalence goes along with decreased
net charge transfer M→ Ga. In this way, charge differences between M and Ga fall steeply,
whereby the atoms in MoGa2 and WGa2 are nearly neutral. Conversely, this indicates that
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Table 5.5: Total electron pair sharing 2σ2(Ga), close electron pair sharing ζclose(Ga), and distant
electron pair sharing ζdist(Ga) in AlB2-type digallides MGa2. Asterisk marks the experimentally
found digallides in AlB2-type.
Compound 2σ2(Ga) ζclose(Ga) ζdist(Ga) ζmeta+para(Ga) ζmeta+para/ζdist(Ga) (%)
CaGa2* 4.14 3.12 1.02 0.32 31
ScGa2 4.38 3.39 0.99 0.18 18
TiGa2 4.38 3.53 0.85 0.11 13
VGa2 4.28 3.52 0.76 0.02 2
CrGa2 4.22 3.52 0.70 0.06 9
SrGa2* 4.04 3.16 0.88 0.39 44
YGa2* 4.40 3.51 0.89 0.28 31
ZrGa2 4.52 3.78 0.74 0.20 26
NbGa2 4.24 3.53 0.71 0.06 8
MoGa2 4.12 3.49 0.63 0.05 8
BaGa2* 3.92 3.07 0.85 0.36 43
LaGa2* 4.24 3.37 0.87 0.27 31
HfGa2 4.58 3.71 0.87 0.20 23
TaGa2 4.24 3.45 0.79 0.06 8
WGa2 4.08 3.43 0.65 0.05 7
the Coulomb interaction between tends to decrease along the each row, being neglegible for
MoGa2 and WGa2.
Notably, the number of inter-basin shared electrons of gallium, σ2(Ga), remains in the
range between 1.96 and 2.29, whereas the heavier the element M, the larger σ2(M) becomes,
ranging from 0.75 to 3.75. As shown in Figure 5.11b, the small variation in σ2(Ga) is
accomplished by a systematic decrease of the number of basin-localized electrons, monitored
by the localization index λ (Ga), in favor of the number of inter-basin shared electrons,
monitored by σ2(Ga).
Each metal atom M is surrounded by 20 atoms: two hexagonal Ga rings, two metal
neighbors in the c and six in the ab direction (Figure 5.5). The total metal fluctuation
(2σ2(M)) increases in the period, alongside close electron pair sharing ζclose(M), which is
driven by the DIs δ (M,Ga) and δ (M,M)c (Table D.7). That is, from M2 to M6, the metal
increasingly participates in bonding. This is specially evident when alkaline earth digallides
are singled out. As expected, the series CaGa2, SrGa2 and BaGa2 have the smallest metal
fluctuations due to negligible interlayer interactions. However, the inclusion of one additional
electron into the system, when entering the transition metal digallides, has great impact in
the fluctuation σ2(M) values. From CaGa2 to ScGa2, σ2(M) jumps from 0.74 to 1.59.
From the electron sharing viewpoint, the bonding scenario of AlB2-type digallides is
similar to diborides, insofar as the experimentally observed structures are concerned. Though
the overall in-plane B–B electron sharing is larger than in digallides, which supports the fact
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Table 5.6: G(X,Y) values between two centers X and Y in AlB2-type digallides MGa2. Asterisk
marks the experimentally found digallides in AlB2-type.
Compound G(Ga,Ga)ab G(Ga,Ga)c G(M,Ga) G(M,M)c
CaGa2* 0.41 1.37 1.93 16.92
ScGa2 0.55 0.99 2.08 5.46
TiGa2 0.66 0.91 1.83 2.23
VGa2 0.78 0.85 1.47 1.02
CrGa2 0.84 0.97 1.17 0.46
SrGa2* 0.39 1.26 1.71 13.69
YGa2* 0.45 1.50 1.87 8.55
ZrGa2 0.57 1.30 1.71 3.28
NbGa2 0.82 0.88 1.42 1.19
MoGa2 0.93 1.01 1.11 0.58
BaGa2* 0.43 2.58 1.60 9.37
LaGa2* 0.47 1.65 1.70 7.72
HfGa2 0.59 1.32 1.72 3.40
TaGa2 0.91 0.91 1.45 1.27
WGa2 1.04 1.04 1.15 0.65
that the favored structural motif of flat layers (AlB2-type) is more easil found in diborides
than in digallides. However, only transition metal elements Y and La can form AlB2-type
digallides. The small number of transition metal digallides MGa2 is explained by strong
interlayer covalent interactions alongside weakening of in-plane Ga bonds.
The G values are shown in Table 5.6. The experimentally found digallides in AlB2-type
are characteristic of relatively low G(Ga,Ga)ab values, which indicates that these bonds are
better described as two-center with very little three-center character. Their other values of
G(Ga,Ga)c, G(M,Ga) and G(M,M)c are much higher than 1, which means a non-bonded
interaction. Within each period of the Period Table, the three-center bonding character
of the in-plane Ga – Ga bonds becomes more and more significant, shown by G(Ga,Ga)ab
values approaching the ideal value of 1. The main fluctuation channel is through the centers
Ga–Ga’–M. The same trend was found for diborides of AlB2-type.12 However, the striking
difference are the higher G(Ga,Ga)ab absolute values in digallides, compared to diborides.
Of course, the c/a axis has a more dramatic change within the period than in diborides (see
Figure 5.4). We also notice, that despite the strong increase of δ (Ga,Ga)c and δ (M,M)c,
they are of pronounced three-center character for M5 and M6 digallides. Therefore, the
three-center character is greatly enhanced with filling of the d shell.
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CaIn2-type
Puckering of Ga layers in AlB2-type digallides together with doubling the c-axis volume
leads to the CaIn2-type. The Ga inter-layer distances are shorter than in the AlB2-type,
though the intra-layer Ga – Ga distance is longer. Take CaGa2 as an example, which adopts
the CaIn2-type at ambient temperature but the AlB2-type as a high temperature modifica-
tion. The distance d(Ga – Ga)c = 3.057 Å against 4.286 Å in AlB2-type; and the distance
d(Ga – Ga)ab = 2.687 Å against 2.501 Å in AlB2-type. The delocalization index along the
puckered layer δ (Ga – Ga)ab = 0.66, whereas in-between the layers δ (Ga – Ga)c = 0.49. Both
values are relatively high when compared to their AlB2-type counterparts (see Table 5.7).
Table 5.7: QTAIM atomic charges, fluctuations, and delocalization indices in MgGa2 and CaGa2 in
CaIn2-type and CaGa2 in AlB2-type. Distances are given in Å.
Compound Qe f f (M)/Qe f f (Ga) σ2(M)/σ2(Ga) dab δ ab d δ
(Ga – Ga’) (Ga,Ga’) (M–Ga) (M,Ga)
MgGa2 +1.50/-0.75 0.51/2.12 2.621 0.66 2.881/3.294 0.09/0.04
CaGa2(CaIn2-type) +1.38/-0.64 0.83/2.01 2.678 0.66 3.017/3.385 0.14/0.07
CaGa2(AlB2-type) +1.34/-0.67 0.74/2.07 2.501 0.80 3.294 0.09
Compound dab δ ab dc δ c dc δ c
(M–M’) (M,M’) (M–M’) (M,M’) (Ga – Ga’) (Ga,Ga’)
MgGa2 4.653 0.00 3.038 0.02 2.796 0.59
CaGa2(CaIn2-type) 4.506 0.01 3.694 0.01 3.057 0.49
CaGa2(AlB2-type) 4.322 0.01 4.286 0.01 4.286 0.09
The puckering is accompained by a decreases of Ca – Ga distance and an increase of
the DI δ (Ca,Ga): δ (Ca,Ga)= 0.14 for the closest distance and 0.07 for the largest one
(see Table 5.7). The more charged Mg yields smaller fluctuation and thus smaller DIs
Mg – Ga, in comparison to CaGa2. However, the DI δ (Ga,Ga)c = 0.59 is larger, since the
(Ga – Ga)c distance in MgGa2 is shorter than in CaGa2. In both CaGa2 planar and puckered
structure-types, the Ga close electron pair sharing ζc(Ga) is the same at 3.12 and 3.10,
respectively.
Among the two-center contacts, G(Ga,Ga)c = 0.60 has the highest G ratio, in both MgGa2
and CaGa2. The fluctuation channels of the (Ga – Ga)c bond are of equal importance through
Ga–Ga’–Ga” and Ga–Ga’–M.
The analysis of the electron sharing supports the notion of a three-dimensional gallium
partial structure in the CaIn2-type. In spite of the relatively long interlayer (Ga – Ga)c
interatomic distance of 3.057 Å in CaGa2, the delocalization index shows that this interaction
is a bonding one. That is, new interlayer bonds give rise to the Ga puckered layers.
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KHg2 – type
ScGa2 in the KHg2-type follows the inverse trend between delocalization index and distance,
i.e., the shorter the distance, the larger is the DI (Table 5.8). The shortest Ga – Ga contacts
are within the puckered Ga layer: 2.531 Å and 2.599 Å , with DIs 0.61 and 0.55, respectively.
There are two interlayer Ga – Ga distances at 2.704 Å and 3.913 Å . However, only the shorter
one compares with the intralayer DIs with 0.47. The longer one yields a small value of
0.10. For the Sc – Ga contacts, there are four different distances, in which three have similar
distance and DIs of around 3.0 Å and 0.2, respectively; and one longer with 3.489 Å and
0.06.
Table 5.8: Delocalization indices δ , distances and G values of ScGa2 and SrAl2 in KHg2-type.
Subscripts ab and c mean within the puckered layer and interlayer, respectively. All distances are
given in Å.
Ga – Ga Ga – Sc Sc – Sc
distance δ G distance δ G distance δ G
(2.531)ab 0.61 0.59 2.947 0.20 1.82 3.447 0.07 6.45
(2.599)ab 0.55 0.54 2.981 0.20 2.04 3.663 0.06 6.64
(2.704)c 0.47 0.70 3.022 0.16 1.97
(3.913)c 0.10 1.42 3.489 0.06 3.83
Al – Al Al – Sr Sr – Sr
distance δ G distance δ G distance δ G
(2.783)ab 0.67 0.55 3.584 0.10 2.05 4.034 0.02 10.15
(2.788)ab 0.61 0.58 3.405 0.14 1.70 3.986 0.02 7.85
(2.882)c 0.51 0.75 3.269 0.14 1.82
(5.023)c 0.02 2.71 3.423 0.11 2.16
The (Sc – Sc)c distance that passes through the puckered Ga hexagon is d(Sc – Sc)c =
3.447 Å, but to put this into perspective, among the experimentally observed AlB2-type digal-
lides, it represents the smallest d(Sc – Sc)c distance. In ScGa2, we have the DI δ (Sc,Sc)c =
0.07. Considering an hypothetical ScGa2 in the AlB2-type, we have an interlayer distance
d(Sc – Sc)c = 3.240 Å and a corresponding DI δ (Sc,Sc)c = 0.08, which is very similar in
the KHg2-type. Along the ab plane, the Sc – Sc distance increases to d(Sc – Sc)ab = 3.663
Å with a minor change in the DI to δ (Sc,Sc)ab = 0.06.
From the G values provided in the Table 5.8, there is a considerable three-center character
in the Ga – Ga bonds. The highest value being G(Ga,Ga)c = 0.70, which is the closest
interlayer (Ga – Ga)c distance in ScGa2 (see Figure 5.12). Its main fluctuation channel
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is through Ga–Ga’–Ga”. Within the puckered layer G(Ga,Ga)ab = 0.60, with primarily
delocalization through the Ga–Ga’–M channel. Compared to AlB2 and CaIn2 type digallides,
the (Ga – Ga)ab bond in ScGa2 represents an increase in the three-center character.
The metal coordenation in the KHg2-type still has 12 (6+6) Ga atoms and 4 (2+2) other
metal neighbor atoms. The close electron pair sharing is thus ζclose(Sc)= 2× (0.20× 2+
0.20+0.16×2+0.06)+(0.07×2+0.06×2) = 2.22. The gallium coordination comprises
4 (2+1+1) other Ga atoms and 6 (2+2+1+1) metal atoms, that sums up to 2×0.55+0.61+
0.47+2×0.20+2×0.16+0.20+0.06= 3.16 close electron pair sharing. From the total Ga
fluctuation of 2σ2(Ga)= 4.32, the distant electron pair sharing amounts to ζdist(Ga)= 1.16.
(a) ScGa2. (b) SrAl2.
Fig. 5.12: Interatomic distances in puckered hexagon rings in ScGa2 and SrAl2.
The compound SrAl2 adopts the same KHg2 structure type, but with much more puckered
Al hexagons than the Ga ones in ScGa2, which is a consequence of a larger atomic size of
the Sr atom (Figure 5.12), with Al and Ga having the same covalent radius. This yields a
longer interlayer Al – Al distance highlighted in blue in Figure 5.12. Their corresponding
DIs are relatively low at δ (Ga,Ga)c = 0.10 and δ (Al,Al)c = 0.02. The interatomic distances
in SrAl2 are overall larger than in ScGa2 (Table 5.8 and Figure 5.12). In either way, Al – Al
distances are usually longer than Ga – Ga due to the Ga d-block contraction.93 However, the
Al – Al delocalization indices are higher. For instance, the shortest Ga – Ga distance has a
DI value of 0.61, whereas an analogous Al – Al distance in SrAl2 has a DI value of 0.67. On
the other hand, "metal-layer" interaction follows the usual relationship between distance and
bond order. That is, with longer Sr – Al and Sr – Sr distances than Sc – Ga and Sc – Sc, their
corresponding DIs are also smaller (Table 5.8).
Despite the differences in the crystal structure of ScGa2 in AlB2-type and KHg2-type,
integration of electron density within the atomic basins yields the same effective charges of
Qe f f (Sc) = +1.32 and Qe f f (Ga) =−0.66. The Al QTAIM atom in SrAl2 is less negative,
with Qe f f (Al) = −0.55 of effective charge, which when compared to Ga in ScGa2, is in
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accordance with its lower electronegativity. Although the interaction between the cation
and the polyanionic framework is mainly ionic, there is a considerable participation of Sc in
electron sharing with the Ga hexagons in comparison to SrAl2, as well as to CaGa2 in the
CaIn2-type.
5.2 ELI-D picture
AlB2-type
As in diborides of AlB2-type,12 ELI-D topology for the experimentally observed AlB2
type digallides reveals two bonding patterns. The first one shows two ELI-D maxima that
represent the (Ga – Ga))ab bond (Figure 5.13a). The ELI-D maxima are located symmetrically
above and below the Ga layer along the Ga – Ga interatomic line. Each maximum forms a
tetrasynaptic basin, that touches the core basins of two gallium atoms and two M atoms, hence
a designated 2Ga+2M. The second pattern, shown in Figure 5.13b, introduces additional
ELI-D maxima situated symmetrically above and below each Ga atom. Its basin is trisynaptic,
touching the core basins of one gallium atom and three M atoms, and therefore designated
Ga+3M. AlB2 type digallides CaGa2, SrGa2 and YGa2 have the topology as in Figure 5.13a,
whereas BaGa2 and LaGa2 have the one as in Figure 5.13b.
(a) SrGa2. (b) BaGa2.
Fig. 5.13: ELI-D basins and localization domains in a) SrGa2 and b) BaGa2. Yellow isosurfaces
enclose 1.18-localization domains of ELI-D. Digallides MGa2 (M = Ba, La) also display additional
ELI-D maxima above and below each Ga atom. Two tones of large yellow bodies represent the two
2Ga+2M bonding basins, the blue body is a Ga+3M bonding basin and the large pink sphere-shaped
basin represents the outer surface of the penultimate shell of M.
The ELI-D attractor responsible for the appearance of the basin Ga+3M exhibits a
very shallow maximum. That is why its appearance is very sensitive to small changes in
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the geometry. For example, SrGa2 from experimental lattice parameters (a = 4.291;c =
4.736) displays the bonding basin Ga+3M, whereas from optimized lattice parameters (a =
4.372;c = 4.780) the basin is absent. Likewise for YGa2. Thus, although the two ELI-D
topologies are found in MGa2 of AlB2, there seems to be only one bonding situation.
The meaning of the Ga+3M ELI-D basin is nontrivial to understand. From the synapticity
alone, the Ga+3M basin might suggest a multicenter interaction inside the trigonal prism
between Ga and the three metal atoms. Conversely, the basin might also suggest that
its attractor represents a Ga lone-pair. Nevertheless, in early transition metal diborides,
the B+3M bonding basin was found to merge into the 2B+4M bonding basin.12 The ELI-
D/QTAIM intersection was used to shed some light into the bonding character of an ELI-D
basin by extracting the amount of charge of an ELI-D bond basin that belongs to one of
the overlapping QTAIM atoms. ELI-D basin populations and intersections are provided in
Table 5.10. The Ga+3M basin populations of 0.22 e and 0.50 e are dominantly attributed
to the QTAIM gallium atoms in BaGa2(89 %) and LaGa2 (85 %). It represents a lone-pair
feature that gradually atains more and more M–Ga character. This result is consistent with
the ELI-D analysis in AlB2-type diborides.12
It is worth mentioning, that none of the AlB2-type diborides revealed an interlayer
attractor at the midpoint of the (B – B)c contact, even for relatively small distances of 3.06
Å in case of MoB2. On the other hand, digallides do have such corresponding attractor for
most of the transition metals.
Going to the AlB2-type transition metal digallides that were not experimentally observed,
there are two main changes in the ELI-D topology. First, the two ELI-D maxima attributed to
the Ga – Ga bonds are located within the ab plane at c= 1/2, i.e. in the Ga sheet (Figure 5.14).
Second, interlayer ELI-D attractors emerge between gallium atoms and also between metals
for M5Ga2 and M6Ga2 digallides. This development is well in agreement with the decrease
of interlayer distances and their delocalization indices, in which ELI-D (Ga – Ga)c bonds
are formed and subsequently additional (M–M)c bonds. The only exception is ZrGa2 and
HfGa2, which due to very short in-plane (Ga – Ga)ab distances of 2.39 Å, exhibit only ELI-D
attractors that correspond to the (Ga – Ga)ab bonds with topology shown in Figure 5.13a.
Moreover, the AlB2-type ScGa2 has a quite different topology than YGa2 and LaGa2, which
can be related to the fact that ScGa2 was observed to adopt a KHg2-type structure (see
Figure 5.3). Namely, the scandium digallide favors interlayer over intralayer interactions.
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(a) MGa2 (M = Sc, Ti). (b) MGa2 (M = V, Cr, Nb, Mo, Ta, W).
Fig. 5.14: ELI-D basins and localization domains in AlB2-type a) ScGa2 and b) VGa2. On the
left, yellow isosurfaces enclose 1.128-localization domains of ELI-D with maxima located on the
Ga sheet between Ga–Ga interatomic line and blue isosurfaces enclose 1.06-localization domains
of ELI-D situated between Ga atoms in the c direction. On the right, yellow isosurfaces enclose
1.128-localization domains with local maxima located between the Ga and metal atom; blue 1.04-
localization domains are positioned between Ga atoms in the c direction. Two tones of large yellow
bodies represent the two 2Ga+2M bonding basins, blue bodies are the two 2Ga+3M bonding basins,
light green cylinder is the 2M bonding basin, and the large pink sphere-shaped basin represents the
outer surface of the penultimate shell of M.
Table 5.9: ELI-D basin populations and ELI-D/QTAIM intersections in AlB2-type digallides. xGa is
the contribution of the Ga QTAIM atom to the corresponding ELI-D basin.
Compound (Ga – Ga)ab (xGa) (Ga – Ga)c (xGa) (M–M)c
N̄2Ga+4M N̄2Ga+3M N̄2M Metal pen. shell N̄
CaGa2 2.81 (96 %) — — 8.18
ScGa2 2.32 (90 %) 0.92 (93 %) — 8.90
TiGa2 2.28 (84 %) 1.03 (90 %) — 9.62
VGa2 2.14 (83 %) 1.23 (90 %) 0.13 10.49
CrGa2 2.07 1.32 0.11 11.43
SrGa2 2.82 (96 %) — — 8.45
YGa2 3.00 (92 %) — — 8.92
ZrGa2 3.08 (86 %) — — 9.64
NbGa2 2.10 (85 %) 1.27 (80 %) 0.21 10.46
MoGa2 2.01 (72 %) 1.35 (83 %) 0.20 11.48
BaGa2 2.48 (96 %) 0.22 (89 %) — 8.74
LaGa2 2.28 (94 %) 0.50 (85 %) — 9.20
HfGa2 3.20 (84 %) — — 12.32
TaGa2 2.24 (71 %) 1.32 (83 %) 0.26 12.66
WGa2 2.20 (67 %) 1.53 (74 %) 0.35 13.23
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Table 5.10: ELI-D basin populations N and ELI-D/QTAIM intersections in CaIn2-type digallides
MgGa2 and CaGa2. xGa is the contribution of the Ga QTAIM atom to the corresponding ELI-D basin.
Compound (Ga – Ga)ab (xGa) (Ga – Ga)c (xGa) Metal pen. shell N
MgGa2 1.76 (97 %) 3.30 (90 %) 8.07
CaGa2 2.20 (95 %) 1.81 (93 %) 8.31
The electronic populations are provided in Table 5.10 for the in-plane (Ga – Ga)ab basins,
interlayer basins 2Ga+3M connected with (Ga – Ga)c and 2M connected with (M–M)c,
according to Figures 5.13 and 5.14b. Note that BaGa2 and LaGa2 Ga+3M basins touch only
one Ga core, while the remaining basins touch two Ga core, designated as 2Ga+3M in the
Table 5.10. One can easily see that the interlayer basins 2Ga+3M and 2M become more
populated along the period at the expense of 2Ga+4M basins populations.
Similar do AlB2 type diborides, digallides that were experimentally found in AlB2 type
adopt only the ELI-D bonding patterns shown in Figure 5.13. That is, there is neither
(Ga – Ga)c nor (M–M)c interlayer ELI-D attractors and the (Ga – Ga)ab ELI-D attractor along
the sheet is preserved. The remaining digallides tend to favour interlayer interactions, as can
be seen by the appearence of interlayer ELI-D attractors.
CaIn2-type
The ELI-D topology in CaIn2-type (MgGa2 and CaGa2) differs markedly from the AlB2-type
one, as can be seen from Figure 5.15 for the CaGa2. Although the two ELI-D attractors
that represent the Ga – Ga bond are still present, they now lie in the ab plane. Therefore, the
synaptic order of 4 for each basin remains, hence designated as 2Ga+2M. Another feature of
this bonding pattern is the gallium interlayer ELI-D attractor in the c direction, depicted in
blue in Figure 5.15. Its synaptic order is also 4, touching three metal atoms and one gallium
ELI-D core, hence 2Ga+3M. Therefore, the puckering of Ga layers leads to a (Ga – Ga)c
bond attractor.
In CaGa2, integration of the electron density within the ELI-D basins gives 2.20 and 1.81
electrons for shorter and longer Ga – Ga contacts, respectively. In MgGa2, it gives 1.76 and
3.30 electrons. The greater interlayer ELI-D basin population of MgGa2 reflects the shorter
d(Ga – Ga)c = 2.796 Å against d(Ga – Ga)c = 3.057 in CaGa2.
KHg2-type: ScGa2 vs SrAl2
In the KHg2-type ScGa2, the Ga layer is puckered in a chair-like conformation. Figure 5.16
shows the ELI-D topology of ScGa2 (see Table 5.8 for distances).
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Fig. 5.15: ELI-D basins and localization domains in CaGa2 (CaIn2-type). Yellow isosurfaces enclose
1.18-localization domains of ELI-D with maxima located symmetrically along the puckered gallium
layer. Digallides MGa2 (M = Ba, La) also display additional ELI-D maxima above and below each Ga
atom. Two tones of large yellow bodies represent the two 2Ga+2M bonding basins with population of
1.10 e and blue bodies are the two 2Ga+3M bonding basins with population of 1.81 e.
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Fig. 5.16: ELI-D basins and localization domains in ScGa2. Yellow isosurfaces enclose 1.145-
localization domains of ELI-D with maxima located away from Ga – Ga interatomic line.
There are two different distances within the puckered hexagons, four shorter ones at 2.531
Å and two longer ones at 2.599 Å. The longer ones are characterized by two ELI-D maxima
located in the ab plane, with each attractor giving rise to one ELI-D basin 2Ga+2M with
synaptic order of 4 (yellow and grey in Figure 5.17). The shorter ones are characterized by
one ELI-D maximum shifted away from the (Ga – Ga)ab bond midpoint in the c direction.
Its ELI-D basin has synapticity of 6, 2Ga+4M (green in Figure 5.17). Interlayer (Ga – Ga)c
contact at 2.704 Å is also displaced from the bond midpoint, which yields the basin 2Ga+2M
(cyan in Figure 5.17). The last two attractors are located outside of the Ga4 quadrilateral,
which represents an exocyclic displacement. This situation resembles the one found for
the C – C bonds in the ciclo-propane C3H6 molecule, which can be connected to the ring
strain.64,131
Yet another ELI-D maximum is observed in the empty space between a long interlayer
(Ga – Ga)c contact of 3.913 Å. Nevertheless, this attractor gives rise to an ELI-D basin that
touches only one Ga core and three Sc cores (Ga+3M) and thus has synaptic order of 4
(purple basin in Figure 5.17). Its population of 0.45 e has a contribution from 85% of the Ga
QTAIM basin (Table 5.11). Therefore, this ELI-D attractor is more likely to represent a Ga
lone-pair.
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Fig. 5.17: ScGa2 color-coded ELI-D basins with labels based on its synaptic order.
Table 5.11: ELI-D basin populations N and ELI-D/QTAIM intersections in KHg2-type digallides
ScGa2 and SrAl2. xTr is the contribution of the Tr QTAIM atom to the corresponding ELI-D basin.
Compound (Tr–Tr)ab (xGa) (Tr–Tr)ab (xTr) (Tr–Tr)c (xTr) Gal p (xTr) Metal pen. shell N
N{2Tr+2M} N2Tr+4M N2Tr+2M NTr+3M
ScGa2 2.76 (93 %) 2.44 (90 %) 1.63 (78 %) 0.45 (85 %) 10.10
SrAl2 2.06 (92 %) 1.88 (93 %) 1.52 (95 %) — (— %) 8.56
The ELI-D picture hence shows a four bonded Ga(4b) atom within the polyanionic
framework. However, instead of 3+1 different bonds as in CaIn2-type, here the Ga 3D
network has 2+1+1 short Ga – Ga contacts.
We now can compare the ELI-D topology of ScGa2 with SrAl2, since it also adopts
the same KHg2 structure type. From Figure 5.18 we can observe two striking differences
in the ELI-D topology between both structures. First, the ELI-D attractor attributed to be
of lone-pair character in ScGa2 is absent in SrAl2. Note that in SrAl2 there are only three
different types of Al – Al ELI-D maxima corresponding to three distinct Al – Al contacts due
to the 2+1+1 Al coordination. And second, there is only one attractor that represents the
shortest Al – Al bond, instead of the two attractors of a typical Ga – Ga bond. Again, the
different fingerprint of Ga – Ga double ELI-D attractor and the single Al – Al is revealed in
the KHg2-type.
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Fig. 5.18: ELI-D localization domains in SrAl2. Yellow isosurfaces enclose 1.487-localization
domains of ELI-D with maxima located away from Al – Al interatomic line, except for one Al – Al
contact at 2.783 Å.
The interlayer ELI-D attractor gives rise to a basin that contains 1.52 e, in which the
Al QTAIM basin contributes 95 % to the total charge (Table 5.11). The shorter intralayer
Al – Al contact has a basin with 1.88 e and 93% of Al contribution, whereas the longer Al – Al
contact has 2.06 e and 92 %.
The positions of the ELI-D attractors that form the quadrilateral, composed of Al or Ga,
are similar in ScGa2 and SrAl2. That is, the ELI-D maximum is not located at the bond
midpoint, but instead slightly shifted outwards from the quadrilateral. This suggests that
the positions of ELI-D attractor are not a feature of a certain chemical composition, but
instead a consequence of the electronic distribution in the KHg2 structure type. The same
ELI-D distribution concerning the exocyclic displacement was also revealed in the digallide
TmGa2 104 and in the ternary compound SrLiAs,132 even though having two cations Sr and
Li.
5.3 Puckering of Ga layers: CaIn2-type
The CaIn2-type exhibit puckered Ga layers, in which the Ga (1/3,2/3,z) z parameter is un-
constrained by symmetry and assumes a value different from z = 1/2. In MgGa2 and CaGa2,
the z coordinate was experimentally measured to be 0.450 and 0.455, respectively.16,133
Table 5.12 lists the experimental and optimized results. The optimized lattice parameters
differ by no more than 0.03 Å , a difference of less than 1%.
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Table 5.12: Experimental and fully optimized lattice parameters for MGa2 experimentally found
in CaIn2 type: a and c lattice parameters, and the free z coordinate of the gallium position. Lattice
parameters are given in Å.
Compound Experiment Optimized
a c z a c z
MgGa2 4.343 6.982 0.450 4.363 7.040 0.449
CaGa2 4.468 7.385 0.455 4.506 7.388 0.457
Why does the substitution of Ca with Sr (or Ba) have such significant structural conse-
quences? As both are alkaline-earth metals, with two valence electrons, their most obvious
difference is their atomic size. The formal charge transfer between the metal and the p-block
element yields Ga– anions iso-electronic to a group 14 element, which usually form a cova-
lent polyatomic network. Therefore, Ga– can adopt either a tetrahedral or a trigonal planar
coordination. A tetrahedral geometry builds a diamond-like partial structure with 4 σ bonds.
The trigonal planar geometry yields a flat graphite-like honeycomb sheet of gallium atoms.
With the same 8 valence electrons within the alkaline-earth metal digallides, two structure
types are experimentally observed. m-MgGa2 and CaGa2 form 3D polyanionic network
(CaIn2-type), whereas SrGa2 and BaGa2 form 2D Ga layers (AlB2-type).
Based on Electric Field Gradient deviations between calculations and NMR spectroscopy
measurements, as well as anisotropic displacement parameters of the Ga atoms, SrGa2
was considered as being at the border of structural change from puckered to planar partial
structure.16 Therefore, total energy calculations were carried out using the CaIn2-type
structure model, in which AlB2-type corresponds to a CaIn2 one with flat layers. Buckling is
introduced if each Ga atomic position is equally shifted away from z = 1/2 in the c direction,
i.e. from the position (1/3,2/3,1/2) to (1/3,2/3,1/2− z) (Figure 5.19a→b). At each fixed
z value with a step-size of 0.005, the unit cell was fully optimized.
Our procedure contrasts with the one employed in Ref. 16, in which the unit cell is fixed
for all the values of the parameter z. Therein, the code FPLO was used for energy calculations.
In this regard, Appendix B deals with the discrepancies that arise from different versions of
the code FPLO. With the version 5, an energy minimum with respect to the Ga displacement
in SrGa2 arises, whereas with the version 9, there is no minimum. The discrepancy can be
attributed to differences in the implementation between the two FPLO versions. The new
FPLO version agrees with our calculations as follows. Nevertheless, the adiabatic variation,
i.e., lattice optimization for each z step, is a more accurate way of simulating the puckering
of layers.134
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(a) AlB2-type → (b) CaIn2-type
Fig. 5.19: Structural relationship between AlB2 to CaIn2 in buckling of Ga layers.
Figure 5.20a provides energy profiles of CaIn2-type digallides MGa2 (M = Mg, Ca, Sr,
Ba) relative to AlB2 structure type, according to Figure 5.19. The digallides MgGa2 and
CaGa2 show a minimum in the energy curve, that correctly corresponds to their observed
CaIn2 structure type, i.e. z = 0.050 and z = 0.045, respectively. However, for MgGa2, both
the AlB2 and CaIn2 structure types are a local minima with respect to layer buckling, with
CaIn2-type lower in energy. As can also be seen, SrGa2 and BaGa2 have only a minimum
with the AlB2-type, which neatly reflects the absence of puckered variations.
We use c/2a ratio instead of c/a to put the numbers into perspective when comparing
with c/a ratio of AlB2-type systems, since the c axis doubles from AlB2 to CaIn2-type.
Regarding the change in lattice parameters with buckling of Ga layers, the four alkaline earth
digallides exhibit discontinuities at different z coordinates of the Ga atom (Figure 5.20b).
From the outset, the c/2a ratio of MgGa2 slightly increases with layer puckering up to
z = 0.025, where a jump from c/2a = 0.68 to 0.80 takes place. Afterwards, c/2a ratio
slightly increases up to z = 0.08. In contrast, the c/2a ratio for CaGa2, SrGa2 and BaGa2
decreases with the z coordinate. The trend is similar within the last three compounds, though
the size of the metal is proportional to the quick drop in c/2a ratio and to its occurrence
at a specific z. That is, the larger the metal, the greater the c/2a ratio drop and a larger
the displacement needed for the discontinuity to occur. However, after the discontinuity,
significant changes in energy result only in slight variations of lattice parameters. During
this small variations in c/2a ratio, MgGa2 and CaGa2 reach an energy minimum.
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Fig. 5.20: Total energy (left) and c/2a ratio (right) in MGa2 (M = Mg, Ca, Sr, Ba) when puckering of
the Ga layers in AlB2-type w.r.t. CaIn2-type is introduced.
CaGa2
As already mentioned, CaGa2 was found to adopt the CaIn2-type at ambient temperature and
the AlB2-type at high temperature.16 Since CaGa2 has an energy minimum with respect to
puckering of gallium layers, we were interested in whether the change in the ELI-D topology
would reveal fingerprints that correspond to a system that exhibits a minimum in the total
energy curve. To this end, Figure 5.21 shows the ELI-D topology with puckering of the
gallium layers, i.e., as a function of z coordinate.
At z = 0.010, the ELI-D topology resembles the one at z = 0.00, i.e. the AlB2-type
with planar Ga layers. We can easily see that the new interlayer ELI-D attractor appears
at z = 0.020. This can be understood from Table 5.13 and Figure 5.20, where at z = 0.015
an abrupt drop in the c axis takes place, which brings the interlayer Ga – Ga contact closer
together. However, the two (Ga – Ga)ab attractors are located symmetrically above and below
the ab plane, just as in the AlB2-type. At z = 0.030, these two attractors are now located
within the ab plane, similar to the CaIn2-type (see Figure 5.15). Between z = 0.030 and
z = 0.070, the ELI-D topology is preserved. At z = 0.080, the two (Ga – Ga)ab attractors
merge into one and the (Ga – Ga)c interlayer attractor splits into three. The (Ga – Ga)ab
ELI-D basin population decreases with the distance, which is compensated by an increase in
population of (Ga – Ga)c ELI-D basin (Table 5.13). The two-center DIs also correlate well
with the distances.
For SrGa2 and BaGa2, the evolution of the ELI-D topology with puckering is nevertheless
very similar to CaGa2 (Figure 5.22). At z= 0.04, SrGa2 and BaGa2 show a Ga – Ga interlayer
ELI-D attractor (Figure 5.22b). In conclusion, the DIs and ELI-D bonding descriptors cannot
discern whether the puckering produces an energy minimum.
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(a) z = 0.01 ϒσD = 1.187 (b) z = 0.02 ϒσD = 1.127
(c) z = 0.03 ϒσD = 1.169 (d) z = 0.08 ϒσD = 1.171
Fig. 5.21: ELI-D profiles for CaGa2 puckering, for which the topology z ∈ [0.3,0.7] is roughly
unchanged.
Table 5.13: Unit cell parameters a and c, interatomic distances d, ELI-D basin populations N and
delocalization index δ during adiabatic lattice variation during puckering of Ga layers in CaGa2.
z a(Å) c(Å) dab N̄ δab dc N̄ δc d δ
(Ga – Ga’) (Ga – Ga’) (Ga,Ga’) (Ga – Ga’) (Ga – Ga’) (Ga,Ga’) (Ca – Ga) (Ca,Ga)
0.00 4.320 8.648 2.494 2.81 0.82 4.324 — 0.04 3.300 0.09
0.01 4.330 8.573 2.506 2.81 0.80 4.115 — 0.13 3.238 0.10
0.02 4.450 7.738 2.588 2.42 0.71 3.559 1.19 0.31 3.125 0.12
0.03 4.477 7.543 2.624 2.30 0.68 3.319 1.53 0.39 3.072 0.13
0.04 4.501 7.410 2.666 2.22 0.66 3.112 1.76 0.46 3.029 0.13
0.05 4.523 7.331 2.712 2.17 0.64 2.932 1.90 0.52 2.995 0.14
0.06 4.549 7.298 2.769 2.13 0.62 2.773 2.01 0.58 2.970 0.14
0.07 4.584 7.324 2.838 2.09 0.60 2.637 2.13 0.63 2.957 0.15
0.08 4.629 7.415 2.924 2.04 0.57 2.521 2.25 0.69 2.955 0.15
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(a) z = 0.01 ϒσD = 1.190 (b) z = 0.04 ϒσD = 1.178
(c) z = 0.07 ϒσD = 1.177
Fig. 5.22: ELI-D profiles for SrGa2 puckering, for which the topology z ∈ [0.1,0.3], z ∈ [0.4,0.6] and
z ∈ [0.7,0.8] are roughly unchanged.
Table 5.14: Unit cell parameters a and c, and interatomic distances d during adiabatic lattice variation
during puckering of Ga layers in SrGa2.
z a(Å) c(Å) dab dc d
(Ga – Ga’) (Ga – Ga’) (Sr – Ga)
0.00 4.374 9.547 2.525 4.773 3.475
0.01 4.378 9.519 2.535 4.569 3.407
0.02 4.392 9.440 2.564 4.342 3.338
0.03 4.427 9.255 2.616 4.072 3.268
0.04 4.647 7.953 2.757 3.340 3.160
0.05 4.693 7.752 2.818 3.101 3.122
0.06 4.740 7.641 2.886 2.903 3.098
0.07 4.791 7.613 2.964 2.741 3.087
0.08 4.791 7.665 3.057 2.606 3.088
5.4 Polyanionic hydrides SrGa2H2 and BaGa2H2
Experimental studies have shown that the digallides SrGa2 and BaGa2 of AlB2-type in-
corporate hydrogen under mild conditions to form the phases SrGa2H2 and BaGa2H2.19
The hexagonal structure of AlB2-type (space group P6/mmm) changes to a trigonal one of
SrAl2H2-type (space group P3̄m1), as displayed in Figure 5.23. After hydrogenation, the Ga
atoms form slightly puckered graphite-like layers, and each Ga is additionally coordinated
by one hydrogen atom. Hydrogen induces only a minor rearrangement of the metal atoms is
similar to a topotactic reaction.
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(a) AlB2-type. (b) SrAl2H2-type.
Fig. 5.23: Structures of SrGa2 and BaGa2 (AlB2-type, left) and SrGa2H2 and BaGa2H2 (SrAl2H2-
type, right). Al and Sr are as red, B and Al as green, and H as gray spheres.
According to Ref. 135 hydrogen can behave in Zintl phases either as hydridic where
H is exclusively coordinated by electropositive metals, or as being part of the polyanionic
network. In the latter, H is covalently bound to the polyanions. Such compounds are
therefore described as having both Ga – Ga and Ga – H bonds. Interestingly, the digallides
YbGa2 of CaIn2-type (Figure 5.2) and EuGa2 of KHg2-type (Figure 5.3), which exhibit
strongly puckered Ga layers, do not form polyanionic hydrides.20
Interatomic distances, QTAIM effective charges and delocalization indices are gathered
in the Table 5.15. The Ga – Ga distances are 2.52 Å and 2.58 Å in SrGa2 and BaGa2,
respectively. In the hydrides, the distances increase to 2.55 Å and 2.64 Å in SrGa2H2 and
BaGa2H2, respectively. Hydrogen is slightly more electronegative than Ga. For that reason
one expects H to withdraw electrons from its coordination environment. Indeed, H has a
QTAIM effective charge of −0.54 and −0.47 in SrGa2H2 and BaGa2H2, respectively. This
is accompained by a decrease in the population of the metal and the Ga atoms. The Ga atom
looses 0.47 e in the strontium compound and 0.42 e in the barium one, whereas the Sr and
Ba become even more positive.
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Table 5.15: QTAIM atomic charges, fluctuations, delocalization indices and distances in SrGa2 and
BaGa2 of AlB2-type, and SrGa2H2 and BaGa2H2 of SrAl2H2-type. Distances are given in Å.
Compound Qe f f (Ga)/(H) σ2(Ga)/(H) dab δ ab d δ
(Ga – Ga) (Ga,Ga) (Ga – H) (Ga,H)
SrGa2 -0.66/— 2.02/— 2.524 0.82 — —
SrGa2H2 -0.19/-0.54 1.89/0.68 2.552 0.64 1.683 0.62
BaGa2 -0.58/— 1.96/— 2.578 0.77 — —
BaGa2H2 -0.16/-0.47 1.85/0.67 2.636 0.60 1.906 0.62
Qe f f (M) σ2(M) dab δ d δ
(M–Ga) (M,Ga) M–H (M,H)
SrGa2 +1.32 0.80 3.476 0.10 — —
SrGa2H2 +1.57 0.81 3.376 0.07 2.596 0.09
BaGa2 +1.16 1.03 3.632 0.12 — —
BaGa2H2 +1.26 1.04 3.482 0.09 2.645 0.11
The electron density distribution around the Ga – Ga bond is virtually unchanged before
and after the hydrogenation. Since the distribution is very similar between Sr and Ba-
containing compounds, BaGa2H2 is displayed in Figure 5.24. The electron density at the
bond critical point (ρb) between the two Ga atoms is 0.049 au na 0.047 au, in BaGa2 and
in BaGa2H2, respectively. The electron density distribution thus shows no difference in
the Ga – Ga bond between the non-hydrogenated and hydrogenated compounds. However,
DIs can capture these difference. The electron sharing between the Ga atoms drops from
δ (Ga,Ga’) = 0.77 to 0.66 in the barium compound.
The amount of electron sharing for Ga – H bond is δ (Ga,H) = 0.62, which shows that
the Ga – H bond is as covalent as Ga – Ga. One can also observe a sizable M–H interactions
with a DI of 3×0.1. The fluctuation of the metal atom σ2(M) remains the same in both non-
and hydrogenated compounds. The fluctuation for the Ga atomic basin σ2(Ga) is smaller in
the hydrides. Therefore, the decrease in electron sharing along the Ga layers is essential to
form the new Ga – H bond.
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Fig. 5.24: Electron density distribution along the (110) plane in BaGa2 (AlB2-type, left) and BaGa2H2
(SrAl2H2-type, right). The electron density at the bond critical point (ρb) between the two Ga atoms is
0.049 au (BaGa2) au and 0.047 au (BaGa2H2). The corresponding value for Ga – H bond is ρb = 0.089
au
The ELI-D topology of the hydrides SrGa2H2 and BaGa2H2 are practically the same.
Figure 5.25 shows the the two attractors between the Ga atoms in BaGa2H2. Similar to
the digallides CaGa2 in the CaIn2-type, the two attractors lie along the ab plane within
the puckered Ga layer (see Figure 5.13 in Section 5.2). The population of the Ga – Ga
basin reduces as a result of the new Ga – H bonds, in agreement with the decrease in the
DI δ (Ga,Ga) (Table 5.16). However, the amount of Ga contribution to the Ga – Ga basin
population remains unchanged in MGa2 and MGa2H2. Despite the hydrogen ELI-D basin
being populated by two electrons in MGa2H2, the Ga contribution adds up to 20%. Take the
HF molecule as a prototype example for a very polar bond. The fluor contribution to the
hydrogen core ELI-D basin, populated by 1.41e, is 81%. This indicates that, even though H
takes up the additional electron in MGa2H2, H is not hydridic, and should be considered as
part of the polyanion.
Fig. 5.25: ELI-D distribution showing the two attractors between the Ga atoms in BaGa2H2 structure.
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Table 5.16: ELI-D basins and ELI-D/QTAIM intersections. xGa is the contribution of the Ga QTAIM
atom to the corresponding ELI-D basin.
Compounds N̄2Ga+4M (xGa) N̄2Ga+3M/H (xGa)
SrGa2 2.82 (96%) —
SrGa2H2 2.14 (98%) 2.01 (20%)
BaGa2 2.48 (96%) 0.22 (89%)
BaGa2H2 2.10 (96%) 1.99 (20%)
5.5 Conclusions
Alkaline-earth and transition metal digallides MGa2 are known in three main structure types.
The high symmetry being of AlB2-type with M = Ca, Sr, Ba, Y, La. In the structure type
CaIn2, when M = Mg (metastable phase) and Ca, the Ga layers become puckered. The
compound ScGa2 adopts the KHg2 type structure, another variant of the AlB2-type with
puckered Ga layers.
The chemical bonding in these three structure types was characterized by QTAIM and
ELI-D analysis. The AlB2-type digallides exhibit flat hexagonal layers of covalently bonded
Ga atoms, forming the backbone of the structure type. Delocalization indices are close to
bond order one within the Ga layer and neglegible in-between the layers. However, transition
metal digallides of AlB2-type, viz. YGa2 and LaGa2, display lower in-plane Ga – Ga and
higher M–Ga two-center DIs, compared to their alkaline-earth counterparts. This observation
is in line with filling the d shell in AlB2-type diborides.12
Substitution effects on the chemical bond digallides of AlB2-type was examined in a
series of geometry optimizations and further QTAIM and ELI-D analyses. Both methods
showed that interlayer interactions build up strongly for early and middle transition metal
elements. This happens at the expense of the weakening of the in-plane Ga – Ga bonds.
Along the lines of a previous study,16 the CaIn2-type digallides are best described by a
3D polyanionic Ga network. Interlayer Ga – Ga ELI-D attractors confirm that the Ga atoms
are four-bonded. The bonding situation in ScGa2 was compared with SrAl2. Interesting
though is the much higher participation of Sc in electron sharing with the Ga hexagons in
comparison to SrAl2, as well as to CaGa2 in the CaIn2-type. ScGa2 also shows an enhanced
three-center character compared to AlB2-type digallides.
Puckering of the planar Ga layers in AlB2-type into the CaIn2-type was simulated by
adiabatic lattice variations. Namely, at every Ga atomic displacement, the unit cell was
optimized. We have found that CaGa2 has an energy minimum corresponding to a Ga dis-
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placement of z = 0.045, which matches the experimental data in the CaIn2-type.16 However,
SrGa2 and BaGa2 do not have an energy minimum as a function of the Ga displacement,
corroborating the AlB2-type structure as the most stable for Sr and Ba digallides. With layer
puckering, the ELI-D profiles were calculated. In CaGa2, as well as in SrGa2 and BaGa2, we
observed the formation of new interlayer Ga – Ga ELI-D attractors. Therefore we could not
relate energy profiles with ELI-D topologies.

Chapter 6
Superhard Diborides
Transition metal diborides in AlB2-type structure are known to be mechanically hard
materials. However, diborides that adopt a related structure such as ReB2 and RuB2 are
even harder, belonging to the class of so-called superhard materials. A discussion of the
details of bonding in similar metal borides leads one to reconsider the possible origin for
the super-hard nature of ReB2 and RuB2-types. In this chapter, we investigate the relation
between the transition diborides in the AlB2-type structure and the related puckered versions
of ReB2 and RuB2 types to further cast light on the understanding of bonding in diborides.
6.1 ReB2-type structure
The crystal structure of ReB2 has been extensively investigated and characterized with
an hexagonal unit cell in the space group P63/mmc (No. 194).14,117 Except for TcB2,136
no additional binary boride has been reported with the ReB2-type. The structure is formed
by alternating layers of boron and metal atoms, both stacked in AB sequence (Figure 6.1c).
The boron layers are disposed in a six-membered chair-like conformation, where each boron
atom has three other boron neighbors at the distance of 1.821 Å. The rhenium layer is planar,
where each rhenium atom is surrounded by six other rhenium atoms within the layer at the
distance of 2.901 Å. It is important to recognize the two different types of triangles within
the hexagonal layer of Re atoms. One triangle can be thought of being part of a trigonal
bipyramidal prism, which has two B atoms above and below its plane, i.e., at the axial
positions. The other one has no B atoms at those positions. The boron atom is coordinated
by three other boron atoms along the puckered B layer, by three rhenium atoms arranged in a
triangle and by an additional rhenium atom in the opposite direction (Figure 6.3 right). The
rhenium atom sits at the center of a trigonal prism of boron atoms with each triangular face
capped with an additional boron atom (Figure 6.3 left).
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(a) (b)
(c) (d)
Fig. 6.1: ReB2-type structure in different perspectives: a) unit cell, b) multiple unit cells, c) ac plane
and d) ab plane. The Re atoms are depicted as red spheres and the boron atoms as green spheres.
The ReB2-type structure is related to that of AlB2, which has flat honeycomb-like boron
layers and AA stacking of aluminium layers. Note that ReB2 has the same space group as
CaIn2-type (P63mmc), though the transition metal atom sits at the (1/3,2/3,1/4) instead of
the (0.0,0.0,1/4) position. This means that the transition metal atom lies exactly between
two boron atoms along the c axis, i.e., in a (1/3,2/3,z) position. As discussed in Chapter 5,
several transition metal diborides adopt the AlB2-type. However, with filling of d shell, the
stability of TMB2 rapidly decreases, and MoB2 and WB2 lie at the border of stability.13
In the group 6, CrB2 adopts only the AlB2-type structure, whereas MoB2 and WB2 were
reported with AlB2 and other structures. The phases W2B4 and Mo2B4, with alternating
layers of planar and puckered boron atoms, were found to be significantly more stable
than their AlB2-type counterpart.13 AlB2-type MoB2 was extensively studied and charac-
terized.13,14,114,137–139 On the other hand, AlB2-type WB2 was reported only once.3 Later,
other studies pointed out that the stability of WB2 in AlB2 phase increases with the number
of boron defects.126,127
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It is still a challenge to understand the effects of chemical pressure in the AlB2-type
structure, i.e., pressure exerted by the constraints of a chemical system, rather than by an
external force. The structure type modification of the diborides of AlB2-type occurs as the
transition metal changes from W to Re to Os. AlB2-type digallides also undergo structural
changes that depend on the metal atom. Because a higher number of transition metal diborides
with AlB2-type than digallides is known, diborides provide a better ground for understanding
such structure transformation, especially the puckering of planar layers.
Table 6.1: Comparison of experimental and optimized data for for MnB2, TcB2 and ReB2 in the
ReB2-type. The MnB2 structure has so far not been experimentally observed in ReB2-type, only in
AlB2-type.2 All distances in Å.
Compound Experiment Optimized
a c a c
MnB2 – – 2.775 6.944
TcB2 136 2.892 7.453 2.896 7.458
ReB2 14 2.901 7.477 2.911 7.490
The diboride MnB2 has not been experimentally found in ReB2-type structure type but
only in AlB2-type.2,140,141 TcB2 with ReB2-type was reported only once in the literature in
1964 (to the best of my knowledge).136 To cast some light on the differences among the Group
7 metal diborides (Mn, Tc and Re), the structures of MnB2 and TcB2 were fully optimized.
The optimized lattice parameters at the DFT/PBE level of theory are given in Table 6.1. TcB2
and ReB2 have very similar distances, whereas MnB2 has smaller lattice parameters and
therefore significantly shorter B – B and TM–B distances (cf. Table 6.3). The experimentally
reported lattice parameters of TcB2 were a = 2.892, c = 7.453, and c/a = 2.578.136 A
first-principles study found the lattice parameters a = 2.880 and c = 7.420.142 As can be
seen from Table 6.1, both experimental and theoretical results are in excellent agreement
with our calculations. Furthermore, one study reported optimized MnB2 lattice parameters
of a = 2.769, c = 6.494, which agrees with the one shown in Table 6.1.142 Other reports
also showed that MnB2 is more stable in ReB2-type than in AlB2-type.142 Differently to
AlB2-type MnB2, ReB2-type MnB2 is non-magnetic.2
QTAIM analysis
Figure 6.2 selected critical points of the electron density. Bond critical points (bcps) are
located between boron atoms along the puckered boron layer as well as between Re and B,
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depicted as green cubes in Figure 6.2. The density value at the bcp (ρb) of two different
Re – B contacts are very similar (0.088), whereas the value of the density at the bond critical
point between two boron atoms ρb(B – B) is the highest (0.1064). Additional bond critical
point is found for the Re – Re contact in the triangle formed by Re atoms in the ab plane
(colored in Figure 6.2 right). The triangle of Re atoms forming a trigonal bipyramid has a
minimum at the center of its prism, whereas the other triangle shows a ring critical point rcp.
Fig. 6.2: Topology of electron density ρ(r). Saddle (green squares), ring (blue squares), minimum
(black squares) points and bond path in ReB2.
The delocalization indices point to a complex bonding picture. Henceforth, we discuss
the DIs in the ReB2-type using the ReB2 structure as prototype. We subsequently compare
the ReB2 with MnB2 and TcB2. From the Table 6.2, we see that the DIs show three bonds -
(B – B)ab, (Re – B)1 and (Re – B)2 - with very similar value of 0.51, 0.48 and 0.53, respectively.
Thus, the B – B and Re – B bonds should be treated on an equal footing. Interestingly, the
longer Re – B distance affords a higher DI. For comparison, the DI δ (B,B) is 1.00 in MgB2,
i.e., roughly twice as large.12 According to a recent study regarding transition metal diborides
of AlB2-type,12 along each row of the periodic Table, δ (B,B) decreases while δ (TM,B)
increases. From this development, ReB2 is well in agreement with the notion of favoring
TM–B covalent interactions over in-layer B – B ones. That is, ReB2 continues the trend found
in AlB2 type diborides to a point in which B – B and TM–B share about the same amount of
electron pairs.
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Fig. 6.3: TMB2 (TM = Mn, Tc, Re) ompounds in ReB2-type. The boron atom (green spheres)
and the metal atom (red spheres) coordinations are shown in color-coded contacts. The distances,
delocalization indices and G values are respectively given in the Table 6.2.
Table 6.2: Distances, delocalization indices and G values of MnB2, TcB2 and ReB2 in the RuB2-type
of structure. Distances are color-coded according to Figure 6.3. Distances are given in Å.
MnB2* TcB2 ReB2
contacts distance δ G distance δ G distance δ G
(B–B)ab 1.756 0.55 0.80 1.817 0.52 0.83 1.827 0.51 0.86
(B–B)c 2.753 0.03 2.75 3.018 0.03 2.61 3.029 0.03 2.80
(B–T M)1 2.096 0.45 0.90 2.220 0.47 0.90 2.230 0.48 0.97
(B–T M)2 2.112 0.50 0.65 2.252 0.51 0.67 2.262 0.53 0.72
(T M–T M)ab 2.775 0.27 0.53 2.896 0.33 0.62 2.911 0.37 0.69
* Hypothetical structure in the ReB2-type.
The (Re – Re)ab DI of 0.38 is roughly twice as large as in WB2, i.e., significantly higher
than in any AlB2-type diboride.12 Their respective distances are nevertheless comparable:
2.901 Å for ReB2 (ReB2-type) and 3.020 Å for WB2 (AlB2-type). The tungsten coordination
number in AlB2-type equals 6+6 boron atoms, whereas rhenium in ReB2-type equals only
8 boron atoms. The DI δ (Re,Re) is even higher than the reported values of 0.26 in fcc-
Cu.60 However, as there are two different coordinations around the triangles composing the
hexagonal layer of Re atoms, their three-center DIs are also different. The one with B atoms
at the axial positions has δ (Re,Re’,Re”)= 0.009 and the other one has a 3c-DI of 0.08. The
average G(Re,Re’)ab within the planar hexagonal layer is 0.72. This leads us to conclude that
Re also forms a planar partial substructure on the ab plane. The transition metal layer stacks
in AB sequence. Each Re atom is coordinated by 6+2 B atoms and thus lacks Re neighbors
in the c direction (Figure 6.4), in contrast to the AlB2-type structure.
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The close electron sharing of the boron atom ζclose(B) = 3×0.51+3×0.48+0.53= 3.50
is similar to MgB2 with 3.48 pairs. Since the total sharing 2σ2(B) of 4.20 is also similar
to MgB2, the distant pair-sharing (ζdist = 2σ2 −ζclose) falls into almost the same value of
ζdist(B) = 0.70 against 0.68 in MgB2. As to the rhenium QTAIM basin, the close electron
pair-sharing ζclose(Re) = 6×0.53+2×0.48+6×0.38 = 6.42, which with 2σ2(Re) = 7.68,
yields ζdist(Re) = 1.25.
As a matter of fact, one expects Re to be involved in covalent bonding due to its high
fluctuating charge σ2(Re) of 3.84. Moreover, since the coordination of Re amounts to 6+2
boron and six rhenium atoms, one would also expect a high degree of multicenter bonding.
In this regard, the G value can be used to measure the delocalization of a bond and to give
insight into its three-center character (see Section 3.3.5).12,143 If the value of G is 1, it means
that the bond resembles that of the perfectly delocalized bond in the triangular molecule H3+,
in which δ (H,H’) = δ (H,H’,H”) = 0.44. As it has been discussed,143 if the bond H – H’ were
shared between two similar triangles, each 3c-DI would be only 1/2 of the 2c-DI δ (H,H’). In
the same way, 1/3 if it were shared among three similar triangles.
Fig. 6.4: B – Re – B triangle in ReB2. Strongly delocalized (Re – B)1 bond (in blue), with G = 0.97.
Each triangle, in yellow, has a three-center DI of 0.15, so 0.15×3 = 0.45 per (Re – B)1 bond with a
2c-DI δ (Re,B)= 0.48.
Figure 6.4 details the Re coordination. The highlighted yellow triangle has a three-center
DI δ (Re,B,B’) = 0.15. Each (Re – B)1 bond in blue has a 2c-DI of 0.48 that is part of a
common edge among three similar triangles. Then each 3c-DI is only 1/3 of the average
of 2c DIs of each triangle edge, i.e. 0.17.1 Therefore very close to the idealized value of
0.16 that corresponds to a perfect 3c-2e bond, i.e., a pair of electron shared among three
1The three edges have 2c DIs of 0.48, 0.51 and 0.53. So 1/3 of the average equals 0.1689. The value is
averaged out because the triangle is not equilateral as in H3+.
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centers in an isolated triangle, as in H3+. In perspective, this value also continues the trend
found in AlB2-type transition metal diborides, since MoB2 has the highest three-center DI
δ (Mo,B,B’) = 0.11 of the fifth period of the periodic Table, but lower than ReB2.
The (Re – B)1 bond in blue has a G value of 0.97, which is numerically close to the
situation in the idealized three-center bond in H3+. The ratio G can be decomposed into
bond self-charge ∆(Re,B)sel f = 0.32 and fluctuating charge ∆(Re,B) f luc = 0.16. The three
equivalent highlighted triangles with DI δ (Re,B,B’) = 0.15 are responsible for 94% of the
Re – B bond fluctuations. Therefore, the high three-center bonding nature of the Re – B bonds
is confined in the structural motif of an encapsulated Re atom as depicted in Figure 6.4.
Conversely, another conclusion drawn from the investigation of AlB2-type diborides,
was that "the three-center DIs reveal, that the main bond charge fluctuation channel of B – B
bonds increasingly becomes three-center B–B’–TM electron sharing, which is caused by the
increase TM–B electron sharing along each row of the periodic Table."12 Indeed, the (B – B)ab
has a high G value of 0.86 and is part of the triangle highlighted in Figure 6.4, though being
a common edge only between two equivalent triangles. The B–B’–TM fluctuation channel
sum up to 64% of the fluctuating charge ∆(B,B’) f luc = 0.15. Similar to the AlB2-type
diborides, the bond-charge fluctuation channel B–B’–TM is favored in the ReB2-type, due to
the dominance of electron sharing in TM–B bonds over the corrugated layers of B – B bonds.
Furthermore, the relatively high covalency in the RuB2 and ReB2 structure types is accom-
pained by the comparatively low effective QTAIM charges: Qe f f (B) =−0.25, Qe f f (Re) =
+0.50. Although with different structure than AlB2-type, ReB2 further enhances the TM–B
covalency, since WB2 has Qe f f (B) =−0.49, Qe f f (W) = +0.98. From the three TMB2 (TM
= Mn, Tc, Re) diborides in ReB2-type structure, MnB2 has shorter (B – B)ab bonds and a
slightly larger two-center delocalization index. Despite all the other distances being shorter
as well, the DIs in MnB2 are also smaller than in TcB2 and ReB2. This reflects in a more
positively charged Mn atom with Qe f f (Mn) = +0.64 against Qe f f (Tc) = +0.48.
ELI-D topology
Attractors of ELI-D are located in two regions shown in Figure 6.5. One attractor (ϒ̃σD =
1.491) is found at the middle of the B – B internuclear line along the puckered boron layer.
Note, however, that high values of ELI-D extend over a larger portion of the B – B bond
towards the two neighboring Re atoms. Such attractor gives rise to a basin with a synapticity
of four, hence designated as 2B+2Re, that is displayed in green in the Figure 6.6. This basin
has a population of 3.00 e, from which the boron QTAIM basin contributes 71% (Table 6.3).
To put this into perspective, B contributes 96% to the B – B ELI-D basin in MgB2, whereas
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in WB2 the contribution is only 76%. Considering transition metal diborides with AlB2-type
structure, the greater Re contribution to the B – B ELI-D basin is in accordance with the
trend of increasing TM participation in the population of the B – B bonding basin along the
period of the periodic Table.12 Such ELI-D basin should therefore not only be viewed as a
localized two-center B – B bond, but also as a part of the Re – B interaction. The equally high
electron-pair sharing between Re and B given by the delocalization index also supports this
conclusion (cf. Table 6.2).
Fig. 6.5: ReB2 ELI-D profiles showing the B – B attractor (left) and the attractor located at the center
of the Re triangle (right). Golden isosurfaces at ϒ̃σD = 1.082.
Fig. 6.6: ELI-D bonding basins in ReB2. The green basin with synapticity 2B+Re represents the
B – B bond and the light blue basin with synapticity 3Re represents the three-center interaction in the
Re triangle (cf. text).
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Table 6.3: TMB2 (TM = Mn, Tc, Re) ELI-D basins populations and ELI-D/QTAIM intersections. For
example, ∈ B means how much the boron QTAIM basin contributes to the total charge of the ELI-D
basin.
Compound N̄2B+2T M N̄3T M N̄(T M) pen. shell
MnB2 2.06 [84%∈ B] — 12.21
[16%∈ Mn]
TcB2 2.77 [76%∈ B] 0.58 [99%∈ Tc] 12.00
[23%∈ Tc]
ReB2 3.00 [71%∈ B] 0.84 [99%∈ Re] 13.56
[29%∈ Re]
Another attractor is observed for lower ELI-D values at the center of the Re triangular
void (golden isosurfaces at ϒ̃σD = 1.082 in Figure 6.5), with no B atoms sitting at the axial
position. Such attractor gives rise to an ELI-D basin with synaptic order of three, i.e., it
touches only Re cores and is hence designated as 3Re. It is populated by 0.84 e with 99%
coming from the Re QTAIM basins. Together with a relatively high δ (Re,Re) = 0.38, it is
therefore reasonable to consider this basin as characterizing the three-center Re interaction.
The striking difference among the three ReB2-type diborides, is that only MnB2 exhibits no
ELI-D attractor at the center of the Re triangular void, even though the Mn – Mn distances
are much shorter. The higher G and δ (TM–TM)ab values along the group 7 coincide with the
appearance of the TM3 bonding basin (cf. Table 6.2). The absence of such ELI-D attractor
might indicate that the three-center TM3 bonding is important for the ReB2-type structure
stability, since a MnB2 has so far not been found in this structure type.
6.2 RuB2 and OsB2 structures
RuB2 and OsB2 are isostructural to each other (Figure 6.7). They form an orthorhombic
structure in the space group Pmmn (No. 59). Both the metal and boron layers are corrugated.
Unlike ReB2, the corrugated boron layer features six-ring boat-like conformations. Figure 6.7
shows the boron atom (green spheres) and the metal atom (red spheres) coordinations in
color-coded contacts. The metal atom has (2+4+2) boron coordination forming an irregular
polyhedron and (4+2) neighbor metal atoms, whereas the boron atom has (2+1) boron and
(2+1+1) metal coordinations.
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Fig. 6.7: RuB2-type of structure in RuB2 and OsB2. The unit cell is highlighted. The boron atom
(green spheres) and the metal atom (red spheres) coordinations are shown in color-coded contacts.
The distances, delocalization indices and G values are respectively given in the Table 6.4.
QTAIM analysis
In RuB2, the boron boat-like conformation is comprised of two shorter B – B bonds at the
distance of 1.817 Å (Figure 6.7 in red) and four longer ones of 1.888 Å (Figure 6.7 in
black). Both B – B bonds share 0.53 and 0.42 electron pairs, respectively. However, three
Ru – B contacts share 0.50, 0.58 and 0.49 electron pairs (see Table 6.4). Thus, despite
viewing the boron network as a corrugated layer separated by metal atoms, the Ru – B and
B – B bonds share about the same amount of electrons, which leads us to characterize the
RuB2-type as built by a 3D network of B and TM. Moreover, the small difference in QTAIM
effective charges corroborates this view, in which Qe f f (B) =−0.11 and Qe f f (Ru) = +0.22.
OsB2 reveals Qe f f (B) =−0.07 and Qe f f (Os) = +0.14. This structure type affords an even
less charged atoms in comparison to ReB2-type with effective charges Qe f f (B) = −0.25,
Qe f f (Re) = +0.50
From the Table 6.4, we can compute the close and distant electron pair sharing, provided
the effective fluctuation is given. In RuB2, 2σ2(Ru) = 7.04 and in OsB2, 2σ2(Os) =
7.60. Both compounds have 2σ2(B) = 4.10. Then, the close electron pair sharing of B is
ζclose(B) = 0.53+2×0.42+0.50+2×0.58+0.49 = 3.52 and of Ru is ζclose(Ru) = 2×
0.50+4×0.58+2×0.49+2×0.32+4×0.20 = 5.74. Similarly in OsB2, ζclose(B) = 3.54
and ζclose(Os) = 6.16. The amount of distant sharing of electron pairs is the difference
ζdist(B) = 2σ2(B)−ζclose(B). Therefore ζdist(B) = 0.58 in RuB2 and 0.56 in OsB2. Due
to the higher fluctuation of osmium QTAIM basin, ζdist(Os) = 1.44 is a bit higher than
ζdist(Ru) = 1.30.
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Table 6.4: Distances, delocalization indices and G values of RuB2 and OsB2 in the RuB2-type of
structure. Distances are color-coded according to Figure 6.7. Distances are given in Å.
RuB2 OsB2
contacts distance δ G distance δ G
(B–B)1 1.817 0.53 0.79 1.820 0.52 0.81
(B–B)2 1.888 0.42 1.01 1.872 0.40 1.08
(B–T M)1 2.174 0.50 0.70 2.151 0.57 0.71
(B–T M)2 2.187 0.58 0.47 2.207 0.59 0.53
(B–T M)3 2.262 0.49 0.65 2.315 0.47 0.74
(T M–T M)1* 2.866 0.32 0.35 2.874 0.39 0.44
(T M–T M)2 2.989 0.20 0.66 3.023 0.24 0.78
* (T M–T M)1 distance is shown in Figure 6.7, right.
The relatively small B – B two-center DIs and relatively high TM–B DIs point to an even
more delocalized and multicenter bonding character in the RuB2 structure type compared to
ReB2. Together with the distances and delocalization indices, the G values are given in the
Table 6.4. The ratio G(B,B’)2 = 1.01 for the (B – B)2 bond is close to the ideal value of 1,
which indicates a high degree of three-center delocalization. The most important fluctuation
channel is through B–B’–TM centers, as an yellow triangle highlighted in Figure 6.8, with
δ (B,B’,Ru) = 0.14. Note that this bond can be seen as a common edge shared by two
triangles, and therefore, the electron pairs shared in three centers per (B – B)2 bond amounts
to 0.28. Together, these two 3c-DIs reconstruct only 66% of the fluctuating charge of the
bond (B – B)2, i.e. 2× (1/3)0.14. The (B – B)1 bond has a ratio G(B,B’) = 0.79. It can
also be seen as being part of an edge shared by two different triangles; one in blue with
δ (B,B’,Ru) = 0.12 and another in green with δ (B,B’,Ru) = 0.17, depicted in Figure 6.8.
Thus, a total of 0.29 electron pairs per (B – B)1 bond fluctuate through the B–B–TM channel.
Both triangles recover 65% of the total fluctuating charge of ∆(B,B) f luc = 0.15. Although
the B – B bonds that build the corrugated boron layers have the highest G values among the
contacts in the structure, there is considerable fluctuating charge shared by B atoms with
atoms other than the nearest neighbors.
There are three different TM–B contacts, displayed in green, cyan and blue in Figure 6.7.
Usually, the shorter the distance the more electrons are shared between two atoms. However,
in RuB2-type the TM–B sharing indices do not follow the distances. Regarding the TM–B
bond fluctuation, the bond (TM–B)1 has the largest ratio G(TM,B)1 = 0.70.
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Fig. 6.8: TM–B–B’ (TM = Ru, Os) triangles in TMB2. Strongly delocalized (B – B)2 bond, with
G ≈ 1. Each triangle has a three-center DI of 0.14, so 0.14 ·2 = 0.28 per (B – B)2 bond.
ELI-D topology
In contrast to ReB2, the RuB2 structure type shows ELI-D attractors only for the B – B
contacts (Figure 6.9). Two different attractors were found for the two B – B close contacts.
One attractor is located at the midpoint of the longer B – B contact (Figure 6.7 in black).
The corresponding localization domains are very similar to the ones in ReB2-type. Namely,
high values of ELI-D extend towards the two neighboring metal atoms, which resembles the
interaction described by the DIs with the two neighboring TM atoms illustrated as yellow
triangles in Figure 6.8. The basin has a synaptic order of four, and is hence designated as
2M+2B (green body in Figure 6.9, right).
Fig. 6.9: ELI-D distribution in RuB2. The green body represents the 2M+2B bonding basin and the
light blue body represents the 6M+2B bonding basin.
The other ELI-D basin is situated not at the midpoint of the short B – B contacts (Figure 6.7
in red), but slightly away from the closest transition metal atom. This shift can be rationalized
by taking into account that the d electrons of the transition metal atom spread near the B – B
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contact. As a result, the B – B valence electrons localize farther in the opposite direction. The
resulting ELI-D basin takes the space surrounding the six neighboring metal atoms, shown
in Figure 6.9 in light blue. This basin touches six metal atoms and two boron atoms, hence
designated as 6M+2B. Such a high synapticity suggests an involvement of the metal atom
in bonding, most likely of multicenter character. Indeed, the transition metal contribution
to the population of the ELI-D bonding basin is significant, as can be seen from Table 6.5.
Compared to the AlB2-type diborides with less than 20% contribution, TM contributes with
32% and 39% to the population of 6M+2B, for RuB2 and OsB2, respectively. On the other
hand, the smaller 2M+2B basin, with fewer transition metal contacts, affords 26% of TM
contribution. Considerable contribution of TM to the ELI-D basin population supports a
strong participation of TM in the B – B bonding.
Table 6.5: ELI-D basins populations and ELI-D/QTAIM intersections in compounds of RuB2-type
structure. ∈ B means how much the boron QTAIM basin contributes to the total charge of the ELI-D
basin.
Compound N̄6M+2B N̄2M+2B
RuB2 3.86 [68%∈ B] 2.40 [74%∈ B]
[32%∈ Ru] [26%∈ Ru]
OsB2 3.14 [61%∈ B] 2.85 [74%∈ B]
[39%∈ Os] [26%∈Os]
6.3 AlB2-type simulation
From WB2 to ReB2 to OsB2, the structure type changes from AlB2 to ReB2 to RuB2.
Diborides TMB2 (TM = W, Re, Os) were optimized in the AlB2 structure type in order
to simulate and help uncover why they are not experimentally observed in this structure
type. The optimized lattice parameters are listed in Table 6.6. The c/a ratio decreases from
1.12 in WB2 to 0.85 in ReB2. The simulations carried out in chapter 5 show that transition
metal digallides of AlB2-type with c/a ratio smaller than 1 coincides with them not being
experimentally found in AlB2-type. However, whereas transition metal digallides MGa2
beyond group 3 no longer adopt the AlB2-type, transition metal diborides span up to FeB2,
MoB2 and WB2.
The geometry optimization overestimates the c lattice parameter in WB2 between 8% and
9%, in comparison with the experimental one in Ref. 3. Diborides can be easily obtained in
non-stoichiometric phases, not accounted for in our calculations, which might be the source
98 Superhard Diborides
of the lattice parameter deviation in MoB2. The boride WB2 was first reported in AlB2
type3. Later, however, several experimental and theoretical studies described the structure to
be a puckered variant of AlB2 with ReB2-type structure, which has space group P63/mmc
(No. 194).15,121–125 Furthermore, if B defects are taken into account, the c lattice parameter
decreases and consequently approaches the experimental value of 3.020 Å .127 Hence, the
discrepancy in the c lattice parameter might be attributed to the meta-stable AlB2 phase in
WB2.
Table 6.6: Optimized lattice parameters for TMB2 in AlB2-type. PBE functional and values in Å.
Experimental value for WB2 is given in parenthesis and taken from Ref. 3.
Compound a c c/a
WB2 3.014(3.020) 3.375(3.050) 1.12(1.01)
ReB2 2.949 2.500 0.85
OsB2 3.258 2.853 0.88
It was found that due to the nature of the Ga – Ga bond, transition metal digallides build
strong interlayer interactions already for early transition metal, particularly in the c direction,
(TM–TM)c and (Ga – Ga)c (See Section 5). Table 6.7 shows internuclear distances and their
respective delocalization indices of diborides TMB2 (TM = W, Re, Os, Ru) optimized in
the AlB2-type. The DI δ (B,B’)ab = 0.66 for WB2 and there is a small δ (TM,TM)c of only
0.08. However, with a slight decrease of 0.04 Å in the in-plane (B – B)ab distance, δ (B,B’)ab
drop off to 0.47 in ReB2 and OsB2. This occurs alongside a strong increase in δ (TM,TM)c
and δ (TM,B) to approximately 0.40. The motif that best characterizes the AlB2 structure
type, i.e., the honeycomb-like layer of B atoms, is thus lost in favor of interlayer TM–TM
and TM–B interactions. Moreover, the abrupt change in the delocalization indices from
WB2 to ReB2 reflects on the QTAIM charges, whereby ReB2 is less charged than WB2:
Qe f f (Re) = +0.58 and Qe f f (W) = +1.10.
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Table 6.7: QTAIM atomic charges, fluctuations, and delocalization indices in TMB2 (TM = W, Re,
Os) in AlB2-type structure. Distances in Å.
Compound Qe f f (M)/Qe f f (B) σ2(M)/σ2(B) dab δ ab d δ
(B – B’) (B,B’) (TM–B) (TM,B)
WB2 +1.10/-0.55 3.39/2.26 1.740 0.66 2.424 0.32
ReB2 +0.58/-0.29 3.85/2.21 1.703 0.47 2.112 0.40
OsB2 +0.30/-0.15 3.66/2.12 1.881 0.47 2.361 0.38
Compound dab δ ab dc δ c dc δ c
(TM–TM’) (TM,TM’) (TM–TM’) (TM,TM’) (B – B’) (B,B’)
WB2 3.014 0.21 3.375 0.08 3.375 0.01
ReB2 2.949 0.10 2.500 0.43 2.500 0.05
OsB2 3.258 0.11 2.853 0.41 2.853 0.03
6.4 Conclusions
Delocalization indices revealed about equal electron sharing in B – B and in TM–B contacts,
but that they are rather of three-center character. Using the G(TM,B) ratio, it was found
that the TM–B bonds in ReB2-type are very delocalized. Its fluctuation channels are mainly
through the adjacent three-centers TM–B–B’. As a result, the structure dimensionality
changes from a 2D boron network in AlB2-type12 to a 3D network composed of boron and
metal atoms in ReB2 and RuB2 types.
Compared to ReB2-type, the RuB2-type have smaller charge transfer, with B effective
charge of −0.07. Electron pair sharing is well distributed within the structure type, which
has seven close contacts with DIs lying in the range of [0.24,0.59]. Three-center bonds also
pervade the RuB2-type structure, in which B – B bonds are the most delocalized ones. The
enhanced degree of TM–B covalency and three-center bonding in ReB2-type can be seen as
a natural development observed in a similar analysis of AlB2-type diborides.12
Analysis of the distribution of electron localizability indicator in ReB2 and RuB2 types
reveals maxima of ELI-D between the boron atoms and confirms the covalent bonding within
the puckered boron layer. Although there is no ELI-D attractor that represents the TM–B
bond, the ELI-D/QTAIM intersection technique gauged a high participation of TM in the
B – B bonding basin population. Moreover, ELI-D topology in the ReB2-type also discloses
a seemingly important Re3 three-center interaction along the flat layer of Re atoms. Such a
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basin is absent in MnB2, which coincides with the fact that MnB2 was only observed in the
AlB2-type.
The simulation of WB2, ReB2 and OsB2 in the structure of AlB2 yields a substantial
decrease in the c/a ratio, which can be explained by an increased interlayer electron sharing
of (TM–TM)c and TM–B.
Chapter 7
Ternary Compounds of AlB2-type
A series of ternary intermetallic compounds MTrTt (M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si,
Ge, Sn) and their monohydrides MTrTtH have been analyzed based on QTAIM and ELI-D
bonding descriptors.
7.1 Hydrogenation-induced structural changes
The crystal structure of AlB2 corresponds to a hexagonal unit cell of Al atoms with the two
B atoms occupying the trigonal prismatic positions in the space group P6/mmm. It forms a
flat graphite-like honeycomb layer of B atoms separated by hexagonal Al layers. Its simplest
ternary ordering variant is the SrPtSb structure, in which Pt and Sb occupies the trigonal
prismatic position in an alternating way (Figure 7.1, left). Thus, the center of symmetry is
lost but there is no loss of translational symmetry, yielding the translationengleiche subgroup
P6̄m2.111 All MTrTt systems are considered here as in the SrPtSb-type, although the actual
distribution of Tr and Tt is in some cases difficult to determine.4 There is indeed a tendency
for the flat TrTt layer in the AlB2 to pucker.
Another type of structure derived from the AlB2 is the EuGe2 structure, in which a
puckering of the hexagons takes place. Each Ge atom is equally shifted above and below
the subcell-mirror plane at z = 1/2, producing the space group P3̄m1 (No. 64). The ternary
ordered variant of EuGe2 yields the trigonal space group P3m1 (No. 156) as a result of the
center of symmetry loss. Likewise, all MTrTtH systems are considered here as the ternary
ordered EuGe2-type, also named as SrAlSiH-type (Figure 7.1, right).
The systems MTrTt incorporate hydrogen under mild conditions to form the mono-
hydrides MTrTtH.4 The hydrogen exclusively attaches to the Tr atom, in which the metal
arrangement is almost preserved. In spite of small structural changes, hydrogenation causes a
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Fig. 7.1: SrPtSb (left) and SrAlSiH (right) structure-types. M in red , Tr in green, Tt in blue and H in
gray.
metal-nonmetal transition and turns the electronically imbalanced precursor into an electron
precise Zintl phase.4,19,144
7.2 Unit cell parameters
The ternary compounds (M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge, Sn) of AlB2-type
investigated in this work were fully optimized (see Section A for computational details).
Optimized and experimental lattice parameters are compared in Table 7.1. From the 27
compounds calculated, 11 adopt the AlB2-type, 3 adopt the YPtAs-type,1 BaGaSn adopts
the CaIn2-type and the remaining 12 were not experimentally observed. Our results compare
very well with the compounds experimentally found in AlB2-type.
1The hexagonal YPtAs structure (P63/mmc) can be regarded as a ternary derivative of the AlB2-type
structure, in which puckering of the hexagon layers yields a fourfold superstructure along the c direction,
stacked in ABCD, ABCD sequence.111
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Table 7.1: Comparison of optimized (PBE functional) and expetimental lattice parameters (a/c) for
MTrTt in AlB2-type.4,5 Values given in Å.
Comp. Exp. Opt.
CaAlSia 4.186/4.397 4.209/4.374
CaAlGed —/— 4.268/4.402
CaAlSnd —/— 4.563/4.458
CaGaSib 4.110/4.447 4.153/4.365
CaGaGeb 4.220/17.288 4.219/4.325
CaGaSnd —/— 4.553/4.464
CaInSid —/— 4.451/4.395
CaInGed —/— 4.562/4.414
CaInSnd —/— 5.247/3.475
Comp. Exp. Opt.
SrAlSia 4.237/4.744 4.270/4.735
SrAlGea 4.304/4.741 4.333/4.752
SrAlSnd —/— 4.623/4.779
SrGaSia 4.184/4.742 4.218/4.714
SrGaGea 4.272/4.718 4.334/4.696
SrGaSnb 4.551/18.710 4.623/4.758
SrInSid —/— 4.513/4.716
SrInGed —/— 4.631/4.712
SrInSnd —/— 4.894/4.754
Comp. Exp. Opt.
BaAlSia 4.300/5.144 4.318/5.157
BaAlGea 4.351/5.140 4.383/5.163
BaAlSna 4.633/5.141 4.677/5.159
BaGaSia 4.248/5.111 4.273/5.122
BaGaGea 4.335/5.095 4.382/5.102
BaGaSnc 4.581/10.330 4.686/5.108
BaInSid —/— 4.563/5.109
BaInGea 4.335/5.095 4.704/5.069
BaInSnd —/— 4.953/5.071
a: AlB2-type.
b: YPtAs-type.
c: CaIn2-type.
d: Not observed experimentally.
The unit cell volume increases from Mg to Ba due to an elongation of the c axis. For
each metal M = Ca, Sr, Ba, the c axes have very similar values irrespective of the pair TrTt
(Figure 7.2). The series CaTrTt, SrTrTt and BaTrTt have average c values of 4.4 Å, 4.7 Å and
5.1 Å, respectively. This means that the c axis depends only on the cation M. From Figure
7.2, we can also see that the a axis only slightly increases with M. The a axis is longer in the
order Tr–Si < Tr–Ge < Tr–Sn, meaning the Tr–Tt distance is controlled by the Tt element.
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Fig. 7.2: Unit cell parameters of ternary compounds MTrTt (M = Mg, Ca, Sr, Ba; Tr = Al, Ga; Tt =
Si, Ge, Sn) with AlB2-type crystal structure; solid lines – lattice parameter c, dashed lines – lattice
parameter a.
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Table 7.2: QTAIM charges Qe f f , interatomic distances d(X–Y) between atoms X and Y, and two-
center delocalization indices δ (X,Y) between the QTAIM atoms X and Y.
Compound Qe f f dab δ ab d δ d δ
(M/Tr/Tt) Tr–Tt (Tr,Tt) M–Tr (M,Tr) M–Tt (M,Tt)
MAlSi
Ca +1.31/+1.21/-2.52 2.430 0.63 3.269 0.05 3.269 0.15
Sr +1.16/+1.15/-2.41 2.465 0.64 3.418 0.06 3.418 0.16
Ba +1.07/+1.16/-2.23 2.493 0.64 3.586 0.07 3.586 0.19
MAlGe
Ca +1.32/+1.06/-2.38 2.464 0.64 3.304 0.05 3.304 0.14
Sr +1.27/+1.01/-2.28 2.502 0.65 3.450 0.06 3.450 0.16
Ba +1.09/+0.99/-2.10 2.530 0.65 3.615 0.07 3.615 0.19
MAlSn
Ca +1.32/+0.75/-2.07 2.634 0.70 3.451 0.05 3.451 0.13
Sr +1.29/+0.70/-1.99 2.669 0.72 3.582 0.06 3.582 0.15
Ba +1.12/+0.67/-1.79 2.700 0.71 3.374 0.07 3.374 0.18
MGaSi
Ca +1.32/-0.40/-0.92 2.398 0.90 3.242 0.08 3.242 0.11
Sr +1.28/-0.37/-0.91 2.436 0.89 3.389 0.09 3.389 0.13
Ba +1.09/-0.27/-0.82 2.467 0.86 3.556 0.11 3.556 0.15
MGaGe
Ca +1.35/-0.37/-0.98 2.456 0.85 3.292 0.07 3.292 0.11
Sr +1.32/-0.36/-0.96 2.502 0.83 3.431 0.08 3.431 0.12
Ba +1.15/-0.29/-0.86 2.530 0.80 3.593 0.10 3.593 0.15
MGaSn
Ca +1.34/-0.54/-0.81 2.629 0.84 3.449 0.07 3.449 0.10
Sr +1.33/-0.50/-0.83 2.670 0.83 3.576 0.08 3.576 0.12
Ba +1.16/-0.43/-0.74 2.706 0.79 3.721 0.09 3.721 0.15
7.3 Delocalization Indices
For the series MAlSi and MAlGe, the barely unchanged delocalization index (DI) between
Tr and Tt of around 0.64 explains why the a axis remains practically constant (Table 7.2
and Figure 7.2; see also Tables D.15 to D.26). Although the Al – Sn distance is longer than
Al – Si and Al – Ge, the DI in the series MAlSn barely changes, having values of 0.70, 0.72
and 0.71, for Ca, Sr and Ba, respectively.
The series MGaTt also exhibits similar behavior as in MAlTt, but higher δ (Tr,Tt) of
around 0.80. The much more polar nature of the Al–Tt bond is responsible for the lower
δ (Tr,Tt). Whereas Qe f f (Al) is markedly positive, Qe f f (Ga) is negative.
A compensation mechanism similar to the diborides takes place.12 The electron pair
sharing for the contacts M–Tr, M–Tt and (M–M)c, increases as their respective distances
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enlarge. This can be explained by analyzing the effective charges and fluctuations of the metal
atom. Contrary to the expected electronegativity trend, the alkaline-earth cations become
less positive (QTAIM charges) and more involved in bonding (higher fluctuations) going
down in the group. More specifically, the effective QTAIM charges of Ca, Sr and Ba are
on average +1.33, +1.28 and +1.11, respectively; whereas the fluctuations are 0.76, 0.83,
1.08. Not only this trend was observed in digallides, but also recently in the trigermanides
compounds MGe3 (M = Ca, Sr, Ba).145
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Fig. 7.3: Delocalization indices and distances for the atomic contacts Tr–Tt, M–Tr and M–Tt, for M =
Ca, Sr, Ba (data points from left to right).
Out-of-plane DIs between M–Tr and M–Tt increase from Ca to Ba (Figure 7.3). However,
whereas δ (M,Al) does not change with Tt, δ (M,Ga) decreases with Tt, even though the
interlayer distance enlarges with M. The DI δ (M,Tt) increases with M, but in general decreases
with Tt.
The compounds MgGaGe, MgGaSn and MgAlSn, however, afford much smaller c axis
compared to the a axis. This yields very high electron sharing in the c direction, δ (Tr,Tr)c
and δ (Tt,Tt)c, that are comparable to δ (Tr,Tt)ab, around 0.64. Thus a high inter-layer
interaction might explain why MgTrTt compounds do not form in the AlB2-type and tend to
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pucker instead. For example, MgAlSi is isotypic with TiNiSi type of structure (space group
Pnma).146
The overall structural changes that take place when H is incorporated into the MTrTt
structure are:4
• puckering of the Tr/Tt layers, with longer Tr–Tt bonds from 0.02 up to 0.04 Å;
• 2 - 5 % volume increase; and
• metal arrangement preserved.
For each TrTt atomic pair in the hydrides, the distances still follow the same trend found
in the ternaries: that the Tr–Tt distances increase from M = Ca to Ba (Tables D.15 to D.26).
However, the Tr–H distances are roughly the same for Al – H and Ga – H, varying ±0.010
Å from 1.75 Å.
On the other hand, the overall effect on the delocalization indices is a decrease in δ (Tr,Tt)
to form a Tr–H bond. The values of the DIs strongly depend on whether Tr is Al or Ga. The
contacts Ga–Tt and Ga – H share on average 0.20 pairs of electrons more than Al–Tt and
Al – H. Compare, for instance, δ (Al,Tt)= 0.48 with δ (Ga,Tt)= 0.75, and δ (Al,H)= 0.35
with δ (Ga,H)= 0.55 (Tables D.15 to D.26). So, even if ρb(Tr–Tt) is virtually unchanged,147
there is a decrease in δ (Tr,Tt) to form a new Tr–H bond.
7.4 ELI-D
The ELI-D topology in the ternary compounds MTrTt recover in-plane Tr–Tt bonds, which
are represented by either one attractor for MAlSi series or by two attractors for all the
remaining (Figure 7.4). The appearance of the two ELI-D attractors for the Tr–Tt bond in
the AlB2-type compounds is connected to the influence of the Tr d-electrons in lowering the
electron localizability at the Tr–Tt bond midpoint (see Chapter 4). From Ca to Ba, there is
an overall decrease in the population of Tr–Tt ELI-D basins, which is accompanied by an
increase in the populations of the Tr and Tt lone-pair basins (Table 7.3). The Al QTAIM
basin contributes around 18 % to the population of the Al–Tt ELI-D bonding basin. It nicely
illustrates the electronegativity difference between the both atomic pairs. This difference
is smaller for the pair GaTt. Ga contributes less than 50% for the GaSi pair. However, for
GaGe and GaSn, the difference is even smaller, giving practically an equal contribution of
around 50% from each atomic basin.
Other ELI-D attractors are detected symmetrically above and below each Tr and Tt atoms
along [001]. Higher ELI-D values are distributed around the Tt atom than around the Tr atom.
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As in AlB2-type digallides, this basin is designated as Tr+Tt+2M, since it touches one Tr
and one Tt atomic core as well as two metal atomic cores, hence a synaptic order of four.
From Table 7.3, we can easily see that the populations of such basins depend not only on the
Tr and Tt atoms but also on the metal atom. The Ca-containing series CaTrTt normally show
a smaller population than SrTrTt and BaTrTt.
The populations of the ELI-D basins are listed in the Table 7.3. From Ca to Ba, there is
an overall increase in the populations of the Tr and Tt lone-pair basins, which is accompanied
by a decrease in the population of Tr–Tt ELI-D bonding basins. Whereas the population
of the Ge and Sn lone-pair basins in MGaGe and MGaSn are much higher, spanning from
1.11e and 1.56e, the remaining ones are much smaller, reaching up to 0.82e. According to
the ELI-D/QTAIM intersection technique, such basins are indeed best described as having
lone-pair character. All of them have a contribution of about 90% from the Tr (or Tt) QTAIM
atom. As an exception, only the CaAlTt series lacks such a lone-pair-like attractor for the
Tt element. This can be related to the small participation in bonding of the Ca atom (lower
fluctuation), as the population of the Tt lone pair basin increases from Ca to Sr to Ba. This
reflects the idea that the electronic distribution in larger atoms are more spread out, and thus
more likely to participate in bonding.
Fig. 7.4: ELI-D topology displayed along the (110) plane in MAlSi series and for the remaining
MTrTt series, exemplified by SrAlSi (left) and BaGaSn (right).
We again stress that the experiments show that the hydrogen attaches to the triel atoms.
Therefore, the calculation of the hydrogen bonded to the tetrel atom was also carried out to
compare the two different hydrogenation sites.
The hydrides MTrTtH are also described by Tr–Tt bonds, given by attractors of ELI-D
located slightly above the interatomic line in the c direction (Figure 7.5). The two lone-pair-
like ELI-D attractors for the Tt atom in the ternary compounds MTrTt are still detected after
hydrogen incorporation. However, due to puckering, much higher values of ELI-D of one
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Table 7.3: ELI-D basin populations for AlB2-type ternary compounds MTrTt. The numbers in
parentheses are percentages of the respective ELI-D basin population that belongs to its QTAIM atom.
Series Tr–Tt All p Ttl p Total population/f.u. M
N̄Tr+Tt+4M N̄Tr+3M N̄Tt+3M 3N̄Tr+Tt+4M +2N̄Tr+3M +2N̄Tt+3M pen. shell N̄
MAlSi
Ca 2.66 (16%) 0.29 (89%) — 8.56 8.22
Sr 2.51 (17%) 0.38 (85%) 0.14 (93%) 8.57 8.51
Ba 2.36 (18%) 0.37 (81%) 0.30 (89%) 8.42 8.79
MAlGe
Ca 2.68 (15%) 0.42 (89%) — 8.88 8.21
Sr 2.40 (16%) 0.50 (86%) 0.36(94%) 8.92 8.51
Ba 2.28 (28%) 0.49 (83%) 0.49(91%) 8.80 8.79
MAlSn
Ca 2.72 (20%) 0.29 (92%) — 8.74 8.21
Sr 2.44 (21%) 0.43 (90%) 0.32(94%) 8.82 8.48
Ba 2.18 (23%) 0.47 (87%) 0.60(92%) 8.68 8.77
MGaSi
Ca 2.77 (44%) 0.07 (92%) 0.26 (95%) 8.82 8.23
Sr 2.19 (46%) 0.44 (89%) 0.77 (92%) 9.02 8.51
Ba 2.10 (46%) 0.43 (85%) 0.82 (91%) 8.80 8.81
MGaGe
Ca 1.79 (52%) 0.54 (92%) 1.47 (93%) 9.39 8.20
Sr 1.63 (52%) 0.65 (91%) 1.56 (92%) 9.31 8.51
Ba 1.76 (49%) 0.61 (88%) 1.34 (92%) 9.18 8.79
MGaSn
Ca 2.10 (51%) 0.36 (94%) 1.11 (94%) 9.24 8.21
Sr 1.66 (53%) 0.57 (92%) 1.40 (93%) 8.92 8.50
Ba 1.66 (52%) 0.60 (88%) 1.31 (92%) 8.80 8.78
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attractor is now located in diametrically opposite direction from the hydrogen atom. There is
neither a separate ELI-D attractor corresponding to the Tr–H bond nor Tt–H, but instead the
core and the valence attractors occur simultaneously.
Fig. 7.5: ELI-D topology given along the (110) plane in BaGaSiH for Ga – H (left) and for the Si – H
(right). The metal atom is in red, Tr in green, Tt in blue and H in grey.
The ELI-D basin populations are displayed in Tables 7.4 and 7.5. As expected, the H
basin is populated by roughly 2.00 e throughout the series. The lone-pair basin populations
at the Tt atoms also marginally decrease with the metal atom. However, the populations not
only increase going down in the group 14, from TrSi to TrGe to TrSn, but also from Al to Ga,
if the same atoms M and Tt are compared. Compared to the ternary compounds, the Tr–Tt
ELI-D bonding basins have smaller populations with range at [1.95 e, 2.13 e]. Also contrary
to the ternary compounds, the population only slightly changes with the metal atom, given
the same pair TrTt.
The core and the valence regions of the Tr–H bond are represented by the same basin.
Therefore, the ELI-D/QTAIM intersection technique can be used to investigate how much
the QTAIM atoms contribute to the hydrogen ELI-D basin population. The values of the
hydrogen ELI-D basin and the respective intersections are given in the Table 7.6. We can
readily see that the metal atom contributes 5% throughout the series. The main difference
lies in the contribution between Tr and H. Whereas the Al – H bonds have 6% contribution
from the Al QTAIM atom, the Ga – H bonds have around 19% from the Ga QTAIM atom.
This highlights the fact that Al – H is a much more polar bond than Ga – H.
As a comparison, let us take the HF molecule as a prototype example for a very polar
bond. The fluor contribution to the hydrogen core ELI-D basin, populated by 1.41 e, is 81%.
On the other hand, if the hydrogen is attached to the Tt atom, there is substantial metal
contribution that can reach up to 18% in the Al-containing hydrides, i.e. MAlTtH, specially
for Tt = Ge, Sn. In these systems, a competition between H and M takes place, with Tt
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Table 7.4: ELI-D basin populations for mono-hydrides MTrTtH having the Tr–H bond. The percent-
ages are the charge contributions from a QTAIM atom, e.g., ∈ Tr shows the contribution from the Tr
QTAIM basin.
Series Tr–Tt H Ttl p Total population/f.u. M
N̄Tr+Tt+4M (∈ Tr) N̄H (∈ H) N̄Tt+3M (∈ Tt) 3N̄Tr+Tt+4M + N̄H + N̄Tt+3M pen. shell N̄
MAlSiH
Ca 2.05 (16%) 1.97 (90%) 1.41 (92%) 9.53 8.21
Sr 2.07 (17%) 1.97 (90%) 1.37 (91%) 9.55 8.51
Ba 2.06 (18%) 1.95 (88%) 1.31 (89%) 9.54 8.85
MAlGeH
Ca 2.10 (17%) 2.00 (88%) 1.63 (89%) 9.93 8.21
Sr 2.13 (17%) 1.99 (88%) 1.54 (89%) 9.94 8.52
Ba 2.09 (19%) 1.97 (88%) 1.58 (90%) 9.88 8.76
MAlSnH
Ca 1.95 (23%) 2.00 (88%) 2.01 (86%) 9.86 8.21
Sr 1.99 (23%) 2.01 (88%) 1.89 (87%) 9.91 8.51
Ba 1.97 (24%) 1.99 (88%) 1.82 (88%) 9.72 8.75
MGaSiH
Ca 2.01 (48%) 2.01 (84%) 1.92 (85%) 9.96 8.21
Sr 2.02 (47%) 2.00 (84%) 1.88 (85%) 9.94 8.50
Ba 1.94 (48%) 1.98 (84%) 1.73 (87%) 9.84 8.76
MGaGeH
Ca 2.01 (46%) 2.04 (75%) 2.24 (86%) 10.31 8.21
Sr 2.03 (45%) 2.03 (77%) 2.18 (93%) 10.30 8.51
Ba 1.94 (47%) 2.01 (76%) 2.02 (88%) 10.18 8.77
MGaSnH
Ca 1.95 (52%) 2.04 (74%) 2.36 (85%) 10.25 8.21
Sr 1.97 (50%) 2.03 (75%) 2.30 (85%) 10.24 8.50
Ba 1.98 (49%) 2.01 (75%) 2.15 (86%) 10.10 8.76
contributions remaining marginally constant at 6%. On the other hand, within the Ga-
containing hydrides (MGaTtH), the competition occurs between H and Tt. Similarly, Ge
and Sn in the series MGaGeH and MGaSnH have around 18% of charge contribution to the
hydrogen ELI-D bonding population.
7.5 Conclusions
In this chapter, we briefly studied the series of ternary intermetallic compounds MTrTt (M
= Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge, Sn) and their monohydrides MTrTtH in the light of
QTAIM and ELI-D bonding descriptors. We simulated all ternary compounds MTrTt in the
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Table 7.5: ELI-D basin populations for mono-hydrides MTrTtH having the Tt–H bond. The percent-
ages are the charge contributions from a QTAIM atom, e.g., ∈ Tr shows the contribution from the Tr
QTAIM basin.
Series Tr–Tt H Trl p Total population/f.u. M
N̄Tr+Tt+4M (∈ Tr) N̄H (∈ H) N̄Tr+3M (∈ Tr) 3N̄Tr+Tt+4M + N̄H + N̄Tr+3M pen. shell N̄
MAlSiH
Ca 2.00 (13%) 1.98 (86%) 1.56 (83%) 9.54 8.22
Sr 2.02 (15%) 1.98 (85%) 1.51 (77%) 9.55 8.52
Ba 2.03 (16%) 1.97 (84%) 1.25 (79%) 9.42 8.79
MAlGeH
Ca 2.08 (13%) 1.97 (75%) 1.68 (76%) 9.89 8.22
Sr 2.13 (13%) 1.96 (76%) 1.56 (77%) 9.91 8.52
Ba 2.10 (16%) 1.96 (76%) 1.50 (79%) 9.76 8.78
MAlSnH
Ca 2.03 (16%) 1.95 (77%) 1.72 (78%) 9.76 8.24
Sr 2.05 (17%) 1.94 (79%) 1.65 (80%) 9.74 8.56
Ba 2.05 (19%) 1.90 (79%) 1.50 (81%) 9.55 8.87
MGaSiH
Ca 2.02 (36%) 2.01 (70%) 1.88 (83%) 9.95 8.24
Sr 2.03 (36%) 2.01 (75%) 1.84 (84%) 9.94 8.54
Ba 2.08 (38%) 2.00 (79%) 1.58 (85%) 9.82 8.79
MGaGeH
Ca 2.10 (30%) 1.99 (75%) 2.00 (83%) 10.31 8.22
Sr 2.11 (30%) 2.00 (61%) 1.98 (84%) 10.31 8.50
Ba 2.11 (31%) 1.99 (66%) 1.86 (85%) 10.20 8.78
MGaSnH
Ca 2.06 (32%) 1.96 (77%) 2.04 (84%) 10.18 8.21
Sr 2.08 (31%) 1.95 (60%) 1.98 (85%) 10.19 8.51
Ba 2.09 (33%) 1.93 (65%) 1.85 (86%) 10.05 8.77
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Table 7.6: ELI-D/QTAIM intersection for the hydrogen ELI-D basin in mono-hydrides of MTrTtH
having either a Tr–H or a Tt–H bond. The percentages are the charge contributions from a QTAIM
atom, e.g., ∈ Tr shows the contribution from the Tr QTAIM basin.
Tr–H N̄H ∈ H ∈ Tr ∈ M
MAlSiH
Ca 1.97 90% 6% 4%
Sr 1.97 90% 6% 4%
Ba 1.95 88% 6% 6%
MAlGeH
Ca 2.00 88% 7% 5%
Sr 1.99 88% 6% 6%
Ba 1.97 88% 6% 6%
MAlSnH
Ca 2.00 88% 7% 5%
Sr 2.01 88% 7% 5%
Ba 1.99 88% 7% 5%
MGaSiH
Ca 2.01 76% 18% 6%
Sr 2.00 77% 17% 6%
Ba 1.98 77% 18% 5%
MGaGeH
Ca 2.04 75% 19% 6%
Sr 2.03 77% 18% 5%
Ba 2.01 76% 19% 3%
MGaSnH
Ca 2.04 74% 21% 5%
Sr 2.03 75% 20% 5%
Ba 2.01 75% 20% 5%
Tt–H N̄H ∈ H ∈ Tt ∈ M
MAlSiH
Ca 1.98 86% 6% 8%
Sr 1.98 85% 6% 9%
Ba 1.97 84% 6% 10%
MAlGeH
Ca 1.97 75% 7% 18%
Sr 1.96 76% 6% 18%
Ba 1.96 76% 6% 18%
MAlSnH
Ca 1.95 77% 7% 16%
Sr 1.94 79% 7% 14%
Ba 1.90 79% 7% 14%
MGaSiH
Ca 2.01 84% 11% 5%
Sr 2.01 84% 11% 5%
Ba 2.00 84% 11% 5%
MGaGeH
Ca 1.99 75% 20% 5%
Sr 2.00 75% 19% 6%
Ba 1.99 75% 20% 5%
MGaSnH
Ca 1.96 77% 18% 5%
Sr 1.95 78% 16% 6%
Ba 1.93 78% 17% 5%
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AlB2-type, even though most of them are found as a structure variant. We addressed the
chemical bonding situation of the hydrogen in the structure.
Geometry optimization showed that the c axis depends only on the metal M, which
increases from Ca to Ba. The a axis, connected to the Tr–Tt distance, increases from Si to Sn.
Although hydrogenation does not disturb the electron density distribution around the
Tr – Tt bond, the electron pair-sharing decreases, which is essential to form the Tr – H bond.
The impact of the Tr d-electrons in the ELI-D topology was also observed in the ternary
compounds. Ga- and In-containing compounds show two ELI-D attractors for the Ga–Tt and
In–Tt bonds.

Chapter 8
Conclusions
The main focus of this work was to investigate substitution effects on the chemical bonding
in compounds of AlB2-type and related structure types. Delocalization indices (DIs) within
the QTAIM approach and the topological analysis of the ELI functionals were used as tools
to describe the bonding situation in digallides and diborides.
Digallides of AlB2-type were found only for the CaGa22 (metastable phase), SrGa2,
BaGa2, YGa2 and LaGa2 compounds.16 Within these compounds, QTAIM analysis showed
similar trend as found in diborides.12 That is, along the period in the Periodic Table, metal-
triel interactions increase at the expense of in-plane (triel-triel)ab interactions. However,
transition metal diborides adopt the AlB2-type up to group VI.
To understand this difference, we simulated transition metal (TM) digallides up to group
VI in the AlB2-type. The puckered variants diborides ReB2 and OsB2 were also simulated
in the AlB2-type. With filling of d shell, there is a delicate balance between increase of
TM–Tr and decrease of in-plane (Tr–Tr)ab electron sharing. This balance is mantained as
long as interlayer interactions in the c direction (Tr–Tr)c and (TM–TM)c are not relatively too
high in comparison to in-plane covalent electron sharing. In contrast to TMB2 of AlB2-type,
digallides in the same structure type build up strong interlayer interactions for early transition
metal elements.
For instance, besides increase in the DI δ (TM,Ga), digallides show a relatively strong
increase in interlayer DIs δ (Ga,Ga)c and δ (TM,TM)c. Such increase happens already for
ScGa2 and TiGa2. On the other hand, diborides show a steady increase of δ (TM,B) and
δ (TM,TM)c, but not of δ (B,B)c.12 Even in spite of the small c axis parameter for ReB2
and OsB2 in the AlB2-type simulation, δ (B,B)c values are neglegible. Therefore, it is
reasonable to suggest that diborides will tend to adopt a 3D network composed of boron
and transition metal atoms (ReB2 and RuB2 types). The additional high (Ga–Ga)c interlayer
interactions indicate a tendency for digallides to form 3D Ga networks, characteristic of
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CaGa2 (CaIn2-type) and ScGa2 (KHg2-type). The couterbalancing bonding effects of in-
plane and out-of-plane interactions that give the chemical flexibility of the AlB2-type in
diborides is thus disrupted in AlB2-type digallides by a further enhanced degree of interlayer
interactions (Ga–Ga)c and (TM–TM)c. This results in a smaller number of digallides than
that of diborides in AlB2-type.
The digallides of structure type CaIn2 (MgGa2 and CaGa2) were characterized by using
the topologies of the electron density and of the ELI-D. The analyses confirmed that the
anionic network is comprised of four-bonded Ga atoms (3+1), building a three-dimensional
Ga network. Furthermore, puckering of the Ga layers simulated by adiabatic lattice variation
showed an energy minimum for CaGa2, but not for SrGa2 and BaGa2 compounds. This
corroborates the fact that CaGa2 energetically favors the CaIn2-type, while SrGa2 and BaGa2
favor the AlB2-type. The impact of puckering in the chemical bonding was also measured by
increased (Ga – Ga)c interlayer electron sharing and decreased (Ga – Ga)ab in-plane sharing.
The simulation also revealed the formation of interlayer ELI-D attractors and the change
in the location of the ELI-D attractors from the c direction to the ab plane within the Ga
puckered layer, a typical topology for the CaIn2-type. However, the change in the ELI-D
topology could not indicate whether puckering produces an energy minimum, because the
formation of new interlayer Ga – Ga ELI-D attractors occurs not only for CaGa2, but also for
SrGa2 and BaGa2. In spite of that, we would also argue that the smaller size of Ca facilitates
Ga–Ga interlayer interactions and thus allowing the formation of a three-dimensional Ga
network.134
We have also found that ScGa2 (KHg2-type), consists of a 3D Ga network formed by
four-bonded Ga atoms (2+1+1). The exocyclic displacement of the ELI-D attractors around
the Ga4 quadrilateral, as well as around Al4 in SrAl2, indicates to be a consequence of
the electronic distribution in the KHg2 structure type. Additionally, not only there are
interactions in-between Ga planes, but also a more participant Sc atom in covalent bonding to
the puckered Ga hexagons. We have detected a much more enhanced three-center character
than in the experimentally observed AlB2-type digallides.
The AlB2-type compounds SrGa2 and BaGa2 can incorporate hydrogen to form the
systems SrGa2H2 and BaGa2H2. The hydrogenation leads to a slight puckering of the Ga
layers. The electron pair-sharing for the Ga – H bond is similar to the Ga – Ga within the
layer. However, Ga – H is a polar covalent bond. In agreement with previous works,19,135
our analysis corroborated that the hydrogen should be considered as part of the anionic layer.
Similar results were obtained with ternary variants MTrTt (M = Ca, Sr, Ba; Tr = Al, Ga; Tt =
Si, Ge, Sn) of AlB2-type, which can also undergo hydrogenation. In this case, Al – H bonds
are much more polar and less covalent than Ga – H bonds.
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In addition, we examined the bonding situation in transition metal diborides of ReB2-type
(MnB2, TcB2, ReB2) and RuB2-type (OsB2, RuB2). One can consider these two structure
types as an extension of the trend found in TMB2 of AlB2-type: an increase in TM–B
interactions and an enhanced three-center bonding.12 The change in the structure type results
in a puckered layer of boron atoms with electrons equally shared between B – B and TM–B.
However, TM–B bonds exhibit a high three-center character. The ELI-D/QTAIM intersection
technique also indicated a high participation of TM in the B – B bonding basin population.
Moreover, ELI-D topology in the ReB2-type also discloses a seemingly important Re3 three-
center interaction along the flat layer of Re atoms. Such basin is absent in MnB2, which
coincides with the fact that MnB2 was only observed in the AlB2-type. In this regard, we
concluded that the 3D network consists not only of covalent B – B bonds, but also of TM–B
bonds.
According to our results, digallides and diborides of AlB2-type have very similar trends,
insofar as the experimental compounds are concerned. Within the two series, the honeycomb-
like layers tend to pucker with filling of the d shell. This tendency is associated with a high
metal participation in bonding and enhanced three-center character. The change in structure
type allows the structure to accomodate this new bonding situation.
The most conspicuous difference between diborides and digallides of AlB2-type is in
the representation of the B – B and Ga – Ga bonds revealed by the ELI-D topology. Whereas
AlB2-type diborides exhibit one ELI-D attractor at the B – B midpoint,12 AlB2-type digallides
exhibit two ELI-D attractors symmetrically opposite around the Ga – Ga bond midpoint.
Within the ωRSP approach, ELI-D and ELI-q open up the possibility to dissect different
orbital contributions to the appearance of localization domains within a compound.35,76 We
used homonuclear group 13 ethene analogues as model systems for solid state compounds.
As in AlB2-type diborides and digallides, ELI-D reveals one attractor representing the B – B
bond in B2H4, but two attractors representing the Ga – Ga bond in Ga2H4. Using partial
ELI-D, we showed that the two ELI-D attractors for the Ga – Ga bond in Ga2H4 do not signify
a double bond, because only one localized orbital recovers the two ELI-D attractors. Within
the group 14 ethene analogues, in contrast, the two ELI-D attractors for the tetrel–tetrel bond
result from the sum of two localized orbitals.
On the other hand, partial ELI-q revealed the influence of the Ga d-electrons in bonding,
which could only be accounted for through pairing contributions. This has a net effect of
lowering electron localizability at the Ga – Ga bond midpoint. Therefore, an attractor of
ELI-D between two Ga atoms is often found not at the Ga – Ga bond midpoint, but rather in
the vicinity; being most likely split into two attractors or in a shape of a ring attractor. The
position in space of the ELI-D attractors away from the bond midpoint suggests a tendency
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of gallides to form a diverse number of Ga – Ga short contacts of up to 5-fold coordination.
The interplay between the d-electrons and the formation of localization domains might lie at
the root of the Ga flexibility regarding chemical bonding.
Despite the role of d-electrons in the ELI-D topology, we have also shown that the
d-states can be safely neglected in the DI calculation, with no consequences to the general
trend. This is not to say that it does not affect the DI values. In general, exclusion of the
d-states result in 5% smaller DI δ (Ga,Ga). In a first approximation, that would mean a
5% difference in the total energy, if the d-states are to be neglected. The impact of the Ga
d-electrons in the chemical bonding is thus gauged differently within the QTAIM and ELI
approaches. How this difference could be better understood deserves a closer look in the
future.
The pair decomposition of the ELI-q opens up the possibility to uncover yet untapped
contributions to bonding. This contrasts with other electron density analysis that rely only
on the one-electron density. How certain contributions of orbital pairing emerge in other
systems is still to be investigated.
References
[1] Contreras-García, J.; Marqués, M.;
Menéndez, J. M.; Recio, J. M. Int. J.
Mol. Sci. 2015, 16, 8151–8167.
[2] Gou, H.; Steinle-Neumann, G.;
Bykova, E.; Nakajima, Y.; Miya-
jima, N.; Li, Y.; Ovsyannikov, S. V.;
Dubrovinsky, L. S.; Dubrovinskaia, N.
Appl. Phys. Lett. 2013, 102, 061906.
[3] Woods, H.; Wawner, F.; Fox, B. G. Sci-
ence 1966, 151, 75–75.
[4] Evans, M. J.; Holland, G. P.; Garcia-
Garcia, F. J.; Häussermann, U. J. Am.
Chem. Soc. 2008, 130, 12139–12147.
[5] Evans, M. J.; Wu, Y.; Kranak, V. F.;
Newman, N.; Reller, A.; Garcia-
Garcia, F. J.; Häussermann, U. Phys.
Rev. B 2009, 80, 064514.
[6] Aronsson, B.; Stenberg, E.; Åselius, J.
Nature 1962, 195, 377–378.
[7] Bader, R. F. W. Atoms in Molecules;
Oxford University Press: Oxford,
1990.
[8] Pendas, M. M.; Kohout, M.;
Blanco, M. A.; Francisco, E. Modern
Charge-Density Analysis (eds.: C.
Gatii, P. Macchi), ninth dover printing,
tenth gpo printing ed.; Springer Media:
Heidelberg, 2012.
[9] Kohout, M. In The Chemical Bond II:
100 Years Old and Getting Stronger;
Mingos, P. D. M., Ed.; Springer Inter-
national Publishing: Cham, 2016; pp
119–168.
[10] Hofmann, W.; Jäniche, W. Naturwis-
senschaften 1935, 23, 851.
[11] Burkhardt, U.; Gurin, V.; Haar-
mann, F.; Borrmann, H.; Schnelle, W.;
Yaresko, A.; Grin, Y. J. Solid State
Chem. 2004, 177, 389–394.
[12] Wagner, F. R.; Baranov, A. I.; Grin, Y.;
Kohout, M. Z. Anorg. Allg. Chem.
2013, 639, 2025–2035.
[13] Frotscher, M.; Klein, W.; Bauer, J.;
Fang, C.-M.; Halet, J.-F.;
Senyshyn, A.; Baehtz, C.; Al-
bert, B. Z. Anorg. Allg. Chem. 2007,
633, 2626–2630.
[14] Frotscher, M.; Hölzel, M.; Albert, B. Z.
Anorg. Allg. Chem. 2010, 636, 1783–
1786.
[15] Gu, Q.; Krauss, G.; Steurer, W. Adv.
Matter. 2008, 20, 3620–3626.
[16] Haarmann, F.; Koch, K.; Grüner, D.;
Schnelle, W.; Pecher, O.; Cardoso-
Gil, R.; Borrmann, H.; Rosner, H.;
Grin, Y. Chem. Eur. J. 2009, 15, 1673–
1684.
[17] Gladysheysky, E.; Grin, Y. N.;
Ytasenko, S.; Yarmolyuk, Y. P.;
Chuntonov, K. Dopovidi AN URSR, A
1980, 6, 82–85.
[18] Sichevych, O.; Cardoso-Gil, R.; Gri-
inn, Y. Z. Kristallogr. - New Cryst.
2006, 221, 261–264.
[19] Björling, T.; Noréus, D.; ; Häusser-
mann, U. J. Am. Chem. Soc. 2006, 128,
817–824.
120 References
[20] Wenderoth, P.; Kohlmann, H. Inorg.
Chem. 2013, 52, 10525–10531.
[21] Born, M.; Oppenheimer, R. Ann. Phys.
1927, 389, 457–484.
[22] Löwdin, P.-O. Phys. Rev. 1955, 97,
1474.
[23] McWeeny, R. Rev. Mod. Phys. 1960,
32, 335.
[24] Davidson, E. Reduced density matrices
in quantum chemistry; Elsevier, 2012;
Vol. 6.
[25] Szabo, A.; Ostlund, N. S. Modern
quantum chemistry: introduction to
advanced electronic structure theory;
Courier Corporation, 1989.
[26] Bader, R. F. W. Atoms in Molecules A
Quantum Theory; Oxford Univ Press:
Oxford, 1990.
[27] Popelier, P. Coord. Chem. Rev. 2000,
197, 169–189.
[28] Pendás, A. M.; Kohout, M.;
Blanco, M. A.; Francisco, E. In
Modern charge-density analysis;
Gatti, C., Macchi, P., Eds.; Springer
Netherlands, 2012; pp 303–358.
[29] Bader, R. F.; Gatti, C. Chem. Phys.
Lett. 1998, 287, 233–238.
[30] Gatti, C.; Cargnoni, F.; Bertini, L. J.
Comput. Chem. 2003, 24, 422–436.
[31] Valderrama, E.; Ugalde, J. M.;
Boyd, R. J. Many-Electron Densi-
ties and Reduced Density Matrices;
Springer, 2000; pp 231–248.
[32] Becke, A. D.; Edgecombe, K. E. J.
Chem. Phys. 1990, 92, 5397–5403.
[33] Savin, A.; Becke, A.; Flad, J.; Nes-
per, R.; Preuss, H.; Von Schnering, H.
Angew. Chem. Int. Ed. 1991, 30, 409–
412.
[34] Kohout, M. Int. J. Quantum Chem.
2004, 97, 651–658.
[35] Wagner, F. R.; Bezugly, V.; Ko-
hout, M.; Grin, Y. Chem. Eur. J. 2007,
13, 5724–5741.
[36] Bezugly, V.; Wielgus, P.; Wag-
ner, F. R.; Kohout, M.; Grin, Y. J. Com-
put. Chem. 2008, 29, 1198–1207.
[37] Bezugly, V.; Wielgus, P.; Kohout, M.;
Wagner, F. R. J. Comput. Chem. 2010,
31, 2273–2285.
[38] Kohout, M. Electron Pairs in Posi-
tion Space; Structure and Bonding;
Springer Berlin Heidelberg, 2015; pp
1–50.
[39] Collard, K.; Hall, G. G. Int. J. Quan-
tum Chem. 1977, 12, 623–637.
[40] Guillemin, V.; Pollack, A. Differen-
tial topology; American Mathematical
Soc., 2010; Vol. 370.
[41] Coulson, C. A. Proc. Royal Soc. A
1939, 169, 413–428.
[42] Mulliken, R. S. J. Chem. Phys. 1955,
23, 1833–1840.
[43] Mulliken, R. S. J. Chem. Phys. 1955,
23, 1841–1846.
[44] Mulliken, R. S. J. Chem. Phys. 1955,
23, 2338–2342.
[45] Mulliken, R. S. J. Chem. Phys. 1955,
23, 2343–2346.
[46] Wiberg, K. B. Tetrahedron 1968, 24,
1083–1096.
[47] Giambiagi, M.; de Giambiagi, M. S.;
Grempel, D. R.; Heymann, C. D. J.
Chim. Phys. 1975, 72, 15.
[48] Mayer, I. J. Comput. Chem. 2007, 28,
204–221.
References 121
[49] Mayer, I. Chem. Phys. Lett. 1983, 97,
270–274.
[50] Bader, R.; Stephens, M. Chem. Phys.
Lett. 1974, 26, 445–449.
[51] Bader, R. F.; Stephens, M. E. J. Am.
Chem. Soc. 1975, 97, 7391–7399.
[52] Bader, R. F.; Streitwieser, A.;
Neuhaus, A.; Laidig, K. E.; Speers, P.
J. Am. Chem. Soc. 1996, 118,
4959–4965.
[53] Fradera, X.; Austen, M. A.;
Bader, R. F. J. Phys. Chem. A
1999, 103, 304–314.
[54] Fradera, X.; Poater, J.; Simon, S.; Du-
ran, M.; Solà, M. Theor. Chem. Acc.
2002, 108, 214–224.
[55] Luken, W. L.; Culberson, J. C. Int. J.
Quantum Chem. 1982, 22, 265–276.
[56] Luken, W. L.; Culberson, J. C. Theor.
Chem. Acc. 1984, 66, 279–293.
[57] Becke, A. D.; Edgecombe, K. E. J.
Chem. Phys. 1990, 92, 5397.
[58] Ponec, R. J. Math. Chem. 1997, 21,
323–333.
[59] Matito, E.; Solà, M.; Salvador, P.; Du-
ran, M. Faraday Discuss. 2007, 135,
325–345.
[60] Baranov, A. I.; Kohout, M. J. Comput.
Chem. 2011, 32, 2064–2076.
[61] Ponec, R.; Uhlik, F. Croat. Chem. Acta
1996, 69, 941–954.
[62] Kohout, M.; Wagner, F.; Grin, Y. Int.
J. Quantum Chem. 2006, 106, 1499–
1507.
[63] Kohout, M. Faraday Discuss. 2007,
135, 43–54.
[64] Wagner, F. R.; Kohout, M.; Grin, Y. J.
Phys. Chem. A 2008, 112, 9814–9828.
[65] Zheng, Q.; Wagner, F.; Ormeci, A.
Chem. Eur. J 2015, 21, 16532.
[66] Wagner, F.; Bende, D.; Grin, Y. Dalton
Trans. 2016, 45, 3236–3243.
[67] Bende, D.; Wagner, F. R.;
Sichevych, O.; Grin, Y. Angew.
Chem. 2016,
[68] Boucher, B.; Halet, J.-F.; Kohout, M.
Comput. Theor. Chem. 2015, 1068,
134 – 141.
[69] Kohout, M.; Pernal, K.; Wagner, F. R.;
Grin, Y. Theor. Chem. Acc. 2004, 112,
453–459.
[70] Dobson, J. F. J. Chem. Phys. 1991, 94,
4328–4333.
[71] Dobson, J. F. J. Chem. Phys. 1993, 98,
8870–8872.
[72] Raub, S.; Jansen, G. Theor. Chem. Acc.
2001, 106, 223–232.
[73] Savin, A.; Silvi, B.; Colonna, F. Can.
J. Chem. 1996, 74, 1088–1096.
[74] Silvi, B. J. Mol. Struct. 2002, 614, 3–
10.
[75] Kohout, M.; Wagner, F. R.; Grin, Y.
Theor. Chem. Acc. 2002, 108, 150–
156.
[76] Kohout, M. DGrid version 5.0; Rade-
beul, 2016-2017.
[77] Xie, Y.; Grev, R.; Gu, J.; Schae-
fer, H. F.; Schleyer, P. v. R.; Su, J.;
Li, X.-W.; Robinson, G. H. J. Am.
Chem. Soc. 1998, 120, 3773–3780.
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Appendix A
Computational Details
In this chapter, I specify the computational details carried out in molecules and in extended
systems. As a general procedure, all geometries were first optimized and then position-space
electronic properties, like the electron density and its gradient or Laplacian, kinetic energy
density, electron localizability indicator, etc., were computed with the program DGrid.76,148
In case of molecular calculations, the program ADF88–90 was used for geometry optimization
and subsequent energy calculation (except when explicitly stated). For the same task in solid
state calculations, different programs were used, because the geometry optimizations are
computationally expensive.
A.1 Molecular calculations
DFT calculations were performed with the ADF program package88–90 using the built-in
basis sets from STOs (Slater type orbitals) of the ZORA/QZ4P type (core triple zeta, valence
quadruple zeta, with four sets of polarization functions).
All molecular structures were fully optimized in delocalized coordinates149 with the
following criteria:
• the difference between the bond energy at the current geometry and at the previous
geometry step is smaller than E=1e−5.
• the maximum Cartesian nuclear gradient is smaller than Grad=1e−5.
• the maximum Cartesian step is smaller than Rad=1e−3.
• the root mean square (RMS) of the Cartesian steps is smaller than Angle=1e−3.
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Numerical integration was performed according to the formalism described by Becke.150
The integration grid was defined with the keyword BECKEGRID with the quality set to
verygood. It means a Lebedev grid of order 41, whereas the number of points for the
radial grid depends on the atomic number.151 Instead of a fitted density, the true density was
used to compute the exchange-correlation potential with the keyword EXACTDENSITY. The
SCF cycles convergence were set to 1e−8.
Exchange-correlation functional B3LYP152,153 was used throughout. The foster-Boys
localization procedure154 was done with the GAMESS program155 at the ADF optimized
geometry with Dunning basis sets aug-cc-pVTZ, except for In and Sn containing molecules,
in which cc-pVTZ-DK of Douglas-Kroll was used.156 In each case, ELI-D, ELI-q, electron
densities and pair-volume functions, as well as their first (gradient) and second derivatives
(Hessian matrix) were analytically calculated from the corresponding wave functions using
the program DGrid.76 The grid was chosen with 0.05 mesh. Except to calculate the overlap
matrices derived from a Slater basis set (ADF calculations), the density grid was chosen with
a mesh size of 0.1. This is safe, because the volumes of the generated QTAIM basins only
slightly change with such a coarse grid.
A.2 Solid state calculations
The choice of using the program FHI-AIMS157 for geometry optimization was primarily
based on speed. However, ELK158 and FHI-aims are able to deliver very close lattice
parameters compared to experiments. Table A.1 shows a comparison between experimental
and fully optimized lattice parameters employing the ELK and FHI-AIMS code with PBE159
functional. The results are in excellent agreement with experiment. Therefore, the use of
either ELK and FHI-AIMS optimized geometries is justified. Since it proved to be much
less time consuming then with the ELK program, the geometries are taken from FHI-AIMS.
Then we use ELK, DGrid,148 DISij160 programs for further evaluation.
FHI-aims
Within the FHI-aims code, the following parameters were used in the geometry opti-
mization of AlB2-type, SrPtPb-type (ternary variant of AlB2-type), as well as their hy-
drogenated species. Convergence criterion for the self-consistent cycle: electron density
sc_accuracy_rho= 10−6; sum of eigenvalues sc_accuracy_eev= 10−4, sc_accuracy_etot
= 10−6, k-point grid k_grid = 12 12 121. Geometry optimization: BFGS algorithm161–164
1For TiGa2, the k-point mesh was = 24 24 24.
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Table A.1: Experimental and fully optimized lattice parameters (with FHI-aims and ELK programs)
for MGa2 experimentally found in AlB2 type: a/c lattice parameter. All values are given in angstroms.
Compound Experiment FHI-AIMS ELK
CaGa2* 4.430/4.407 4.332/4.287 4.332/4.287
SrGa2 4.291/4.736 4.372/4.780 4.396/4.884
YGa2 4.217/4.111 4.222/4.111 4.213/4.129
BaGa2 4.432/5.082 4.466/5.116 4.434/5.109
LaGa2 4.309/4.425 4.334/4.543 4.338/4.471
* Meta-stable phase
bfgs = 10−4, all angles between lattice vectors are constrained fixed_angles, analytical
stress sc_accuracy_stress = 10−4.
The structure was first converged with the program’s default basis set light species and
subsequently with the default tight species. This means that the first tier is used throughout
and only the integration grids are improved.
FPLO
The full-potential local-orbital minimum basis code165 (FPLO) versions 5.00 and 9.00
calculations were carried out in the same fashion as outlined in the ref Ref. 16 within the
local density approximation (LDA).166 In the scalar relativistic calculations the exchange and
correlation potential of Perdew and Wang was employed. The basis sets Ga(3s3p/4s4p3d)
and Sr(3s3p3d4s4p/5s5p4d) were chosen for semicore/valence states. The lower-lying states
were treated fully relativistically as core states. In the irreducible part of the Brillouin zone
427 and 918 k points for SrGa2. The FPLO calculations were only used to compare with
a previous study16 and to validate our results for SrGa2 and BaGa2 with respect to the Ga
layer puckering.
ELK
The ELK program is a code for determining the properties of crystalline solids. It implements
an accurate computational scheme for solid-state Kohn-Sham DFT equations within the
all-electron full-potential linearised augmented-plane wave (FP-LAPW) method with local
orbitals.158
The converged wavefunctions were obtained using PBE functional.159 As reported
before,167 some ELK parameters must be improved, because they are known to affect the
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topologies of electron density and ELI. For instance, the keyword lradstp was set to 1,
which employs a fine radial mesh to improve the accuracy of the radial differentiation in the
muffin-tin spheres.
The four additional parameters rgkmax, gmaxvr, lmaxpw and lmaxvr play a crucial
role in affecting the continuity of the real-space properties at the MT sphere. The keyword
rgkmax defines the planewave basis set in the interstitial region and normally requires a
high gmaxvr, which determines the maximum length of the reciprocal lattice vector |G|
for expanding the interstitial potential and density. The remaining two keywords lmaxpw
and lmaxvr define angular momentum cut-offs for the APW functions and for the muffin-
tin density and potential on the inner part of the muffin-tin. The digallides of AlB2-type
required high expansion parameters of rgkmax of up to 11 with gmaxvr of 24 to avoid
ELI-D discontinuities at the MT-sphere boundaries. the parameters lmaxpw and lmaxvr
were usually set to 10 and 9, respectively.
Another factor that influence the chemical bonding analysis in position-space is the
choice of the basis set. Discontinuities at the MT-sphere may arise from a substantial leakage
of the core states. It is thus advisable to treat this state as a semicore which can have nonzero
values in the interstitial region.
A.3 Evaluation
The program DGrid76,148 offers robust and efficient algorithms for topological partitioning,
i.e. the basin search, as well as automated search for critical points and interconnection
graphs. Then, integration of 1- and 2-electron properties over topological basins is possible.
It is done numerically on the property grid, whereby its precision is dependent on the grid
mesh size. DGrid can perform a refinement of the grid mesh by computing additional points
in regions of highly non-linear behavior of the integrated property without needing a costly,
fine grid calculation.
DGrid76 reads in the wavefunction evaluated with a molecular code (Gamess, Gaussian
or ADF) or with the full-potential solid state code ELK.158 It then generates property values
on an equidistant grid and the analysis thereof.76 All grid mesh sizes were set to 0.05 bohr
and the integration precision of the grid refinements was 0.01.
DISij code,160 reads in DGrid overlap output files to compute 3-center delocalization
indices and G values (see Section 3.3).
Appendix B
Puckering of Ga layers: frozen lattice
simulation
B.1 FPLO-5 vs FPLO-9 code versions
There is a disagreement with previous quantum chemical calculations when simulating the
puckering of Ga layers in digallides with respect to the CaIn2-type. In the scientific article
Ref. 16 total energy calculations were carried out with the code full-potential local-orbital
minimum basis (FPLO) version 5.0.165,168 Therein, the CaIn2-type structure model and the
corresponding optimized lattice parameters of SrGa2 in the AlB2-type structure were used
for each variation of the z parameter of the Ga atoms. Namely, for each value of z, the lattice
parameters are kept fixed at the one of SrGa2 in the AlB2-type structure (See Figure 10 in Ref.
16). In order to reproduce the results obtained in the aforementioned paper, we perfomed the
same calculations using the then FPLO version 5.0 and a newer version 9.0 within the local
density approximation (LDA).
As it is readily observed from Figure B.1, two different results are obtained for each
FPLO version. The older version 5.0 indeed reproduces the results reported in Ref. 16, i.e.,
there is minimum as a function of the Ga displacement. However, whereas our results showed
a minimum at z = 0.100, the study showed at z = 0.125. In contrast, the version 9.0 shows
no minimum, which agrees with our ELK and FHI-AIMS calculations. This result holds
regardless if the calculated or the experimental lattice parameters are used (Figure B.1).
The discrepancy can be attributed to differences in the implementation between the two
FPLO versions. In the older version 5.0, the basis set was adjusted to the potential at every
pre-determined number of SCF cycles. Besides, the partitioning of the potentials were done
with respect to the atomic centers. In the newer version 9.0, the basis set was adjusted only
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Fig. B.1: SrGa2 energy deviation for displacement of the Ga atoms in the CaIn2-type structure.
Comparison between two different versions of the program FPLO and different values of lattice
parameters
once and thereafter kept fixed. Additionally, the potentials were partitioned according to
the presently widespread used Becke scheme.150 Nonetheless, fixing the unit cell volume at
each different value of the z parameter is a less accurate way to simulate the puckering of
Ga layers. As described in the main text of this dissertation (see Section 5.3), the change in
volume for every z parameter allows the structure to adapt and converge to the energy that
corresponds to the z variation.
Appendix C
Energy window study on the DI analysis
C.1 Energy window
The calculation of the delocalization indices (DI) is a very expensive computational task,
and a specially demanding one for solids.60 From the Equations (3.20) and (3.21), the DIs
depend on the calculation of the overlap matrices, which are composed of overlap integrals
that in turn depend on the number of crystal orbitals. For instance, in a calculation of SrGa2
with 12 k points, there are approximately 2000 crystal orbitals, therefore an overlap matrix
with 2 million different matrix elements for a single basin. The time to compute the overlap
matrix also depends, of course, on the type and number of microprocessors available, but it
can take up from several hours to weeks. One can, however, select an energy window range
(or set of orbitals in a molecular calculation) to calculate the DIs. In this way, a large number
of states – and, consequently, a much smaller number of overlap integrals –, can be avoided
and the computation time greatly reduced. We therefore can judge to what extent the selected
states influence the values of δ , λ and N̄.
C.2 Digallides of AlB2-type
We are most interested in neglecting states that marginally contribute to the bonding. The Ga
3d10 states in digallides of AlB2-type are mostly confined inside the basin, with a population
around 9.98e. The remaining fraction is obviously found in the metal basin. However, the
small population is equal to the fluctuation. Such a scenario is normally found for populations
lower than one electron.
The population of intermediate metal np6 state slightly decreases going down in a
group. For example: CaGa2, SrGa2 and BaGa2 have N̄(M) of 5.923e, 5.874e and 5.729e,
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respectively. Along the fifth row of the periodic Table, the metal 4p6 states become more
and more confined, going from 5.87e to 5.98e from Sr to Mo, together with a smaller
participation in the δ (M,Ga) values, from 0.021 to 0.003. From Figure 5.10, we know that
δ (M,Ga) increases in the row. Therefore, the increase in δ (M,Ga) is solely attributed to the
rearrangement of the valence electrons.1
Only the valence states recover 96% on average of the fluctuations σ2 of Ga and the metal
M calculated with all states.2 The metal np6 states do not contribute to δ (Ga,Ga), whereas
Ga 3d10 fluctuation σ2(Ga) accounts for roughly 0.05 contribution to the DI δ (Ga,Ga)ab
throughout the digallides series. It is therefore safe to remove this state from the calculation
of the overlap matrix. Moreover, if one is interested in the delocalization indices, the
intermediate states can be removed altogether from the calculation of the overlap matrices.
C.3 Ternary compounds MTrTt of AlB2-type
Within the ternary compounds MTrTt (M = Mg, Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge, Sn)
of AlB2-type, the population of intermediate metal np6 state also slightly decreases going
down in a group N̄(M)[5.696e,5.924e]. The nine valence electrons are distributed unevenly
according to the metal M. From Ca to Sr to Ba, the contribution to the 9-electron population
(N̄(M), energy window = valence states) increases from 0.8e to 0.9e to 1.1e within each
atomic pair TrTt. The contribution to the DI is only accountable for the Ga 3d states and
already negligible for Ge 3d states. The Sn 4d states can also be safely removed.
1There is though a marginal contribution of Ga 3d10 states to δ (M,Ga) in the third order.
2In fact, the very low energy states were still neglected in the evaluation of the ELK wavefunction by
DGrid148 due to employing the keyword skip_core_states. This means that in SrGa2, the Ga [He]2s22p6 and Sr
[Ne]3s23p6 states are neglected.
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Table C.1: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
CaGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Ca(3p6)
0.076(Ca) 0.000 5.923(Ca)
0.038(Ga) 0.038(Ga)
Ga(3d10)
0.006(Ca) 0.053 0.006(Ca)
0.084(Ga) 9.997(Ga)
valence
0.699(Ca) 0.775 0.733(Ca)
2.002(Ga) 3.633(Ga)
all statesa
0.743(Ca) 0.804 8.656(Ca)
2.067(Ga) 21.672(Ga)
a skip_core_states
Ca 3p6: δ (Ca,Ga)= 0.013
Table C.2: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
SrGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Sr(4p6)
0.124(Sr) 0.000 5.874(Sr)
0.063(Ga) 0.063(Ga)
Ga(3d10)
0.013(Sr) 0.050 0.013(Sr)
0.081(Ga) 9.994(Ga)
valence
0.753(Sr) 0.788 0.794(Sr)
1.944(Ga) 3.603(Ga)
all statesa
0.802(Sr) 0.822 18.675(Sr)
2.019(Ga) 21.662(Ga)
a skip_core_states
Sr 4p6: δ (Sr,Ga)= 0.021
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Table C.3: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
YGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Y(4p6)
0.101(Y) 0.000 5.898(Y)
0.051(Ga) 0.051(Ga)
Ga(3d10)
0.014(Y) 0.065 0.014(Y)
0.107(Ga) 9.993(Ga)
valence
1.437(Y) 0.729 1.585(Y)
2.124(Ga) 3.707(Ga)
all statesa
1.482(Y) 0.765 9.492(Y)
2.201(Ga) 21.754(Ga)
a skip_core_states
Y 4p6: δ (Y,Ga)= 0.017
Table C.4: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
ZrGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Zr(4p6)
0.072(Zr) 0.000 5.928(Zr)
0.036(Ga) 0.036(Ga)
Ga(3d10)
0.027(Zr) 0.076 0.027(Zr)
0.131(Ga) 9.986(Ga)
valence
2.291(Zr) 0.620 2.800(Zr)
2.192(Ga) 3.598(Ga)
all statesa
2.335(Zr) 0.655 10.751(Zr)
2.263(Ga) 21.623(Ga)
a skip_core_states
Zr 4p6: δ (Zr,Ga)= 0.012
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Table C.5: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
NbGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Nb(4p6)
0.056(Nb) 0.000 5.964(Nb)
0.018(Ga) 0.018(Ga)
Ga(3d10)
0.040(Nb) 0.040 0.040(Nb)
0.105(Ga) 9.980(Ga)
valence
3.149(Nb) 0.369 4.442(Nb)
2.073(Ga) 3.279(Ga)
all statesa
3.198(Nb) 0.385 12.444(Nb)
2.121(Ga) 21.277(Ga)
a skip_core_states
Nb 4p6: δ (Nb,Ga)= 0.006 / δ (Nb,Nb)c = 0.02
Table C.6: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
MoGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Mo(4p6)
0.040(Mo) 0.000 5.980(Mo)
0.010(Ga) 0.010(Ga)
Ga(3d10)
0.052(Mo) 0.040 0.052(Mo)
0.122(Ga) 9.974(Ga)
valence
3.511(Mo) 0.318 5.851(Mo)
2.014(Ga) 3.068(Ga)
all statesa
3.566(Mo) 0.333 13.896(Mo)
2.060(Ga) 21.052(Ga)
a skip_core_states
Mo 4p6: δ (Mo,Ga)= 0.003 / δ (Mo,Mo)c = 0.02
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Table C.7: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
BaGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
Ba(5p6)
0.268(Ba) 0.000 5.729(Ba)
0.134(Ga) 0.134(Ga)
Ga(3d10)
0.063(Ba) 0.044 0.063(Ba)
0.099(Ga) 9.968(Ga)
valence
0.992(Ba) 0.724 1.056(Ba)
1.874(Ga) 3.471(Ga)
all statesa
1.032(Ba) 0.769 26.840(Ba)
1.960(Ga) 21.579(Ga)
a skip_core_states
Ba 5p6: δ (Ba,Ga)= 0.043
Table C.8: Fluctuation of basin Ω, σ2(Ω), Ga–Ga DI on ab plane, δ (Ga,Ga)ab, and population of
basin Ω, N̄(Ω), for complete, valence, core-like and intermediate states.
LaGa2 states σ2(Ω) δ (Ga,Ga) N̄(Ω)
intermed.
La(5p6)
0.249(La) 0.000 5.745(La)
0.126(Ga) 0.126(Ga)
Ga(3d10)
0.072(La) 0.052 0.072(La)
0.116(Ga) 9.964(Ga)
valence
1.672(La) 0.668 1.861(La)
2.028(Ga) 3.569(Ga)
all statesa
1.711(La) 0.714 25.669(La)
2.118(Ga) 21.666(Ga)
a skip_core_states
La 5p6: δ (La,Ga)= 0.040
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Table C.9: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Si atoms on ab plane,
δ (Al,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
CaAlSi states σ2(Ω) δ (Al,Si) N(Ω)
intermed.
Ca(3p6)
0.083(Ca) 0.000 5.916(Ca)
0.017(Al) 0.017(Al)
0.066(Si) 0.066(Si)
Al(2p6)
0.000(Ca) 0.007 0.000(Ca)
0.011(Al) 5.989(Al)
0.011(Si) 0.011(Si)
Si(2p6)
0.000(Ca) 0.000 0.000(Ca)
0.000(Al) 0.000(Al)
0.000(Si) 6.000(Si)
valence
0.746(Ca) 0.624 0.782(Ca)
1.375(Al) 1.788(Al)
2.251(Si) 6.429(Si)
all statesa
0.788(Ca) 0.634 8.692(Ca)
1.399(Al) 9.794(Al)
2.307(Si) 14.513(Si)
a skip_core_states
Ca 3p6: δ (Ca,Al)= 0.006 / δ (Ca,Si)= 0.022
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Table C.10: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Si atoms on ab plane,
δ (Al,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
SrAlSi states σ2(Ω) δ (Al,Si) N(Ω)
intermed.
Sr(4p6)
0.136(Sr) 0.000 5.862(Sr)
0.032(Al) 0.032(Al)
0.105(Si) 0.105(Si)
Al(2p6)
0.000(Sr) 0.006 0.000(Sr)
0.010(Al) 5.990(Al)
0.010(Si) 0.010(Si)
Si(2p6)
0.000(Sr) 0.000 0.000(Sr)
0.000(Al) 0.000(Al)
0.000(Si) 6.000(Si)
valence
0.839(Sr) 0.626 0.884(Sr)
1.392(Al) 1.831(Al)
2.197(Si) 6.284(Si)
all statesa
0.886(Sr) 0.634 8.739(Sr)
1.426(Al) 9.854(Al)
2.265(Si) 14.406(Si)
a skip_core_states
Sr 4p6: δ (Sr,Al)= 0.011 / δ (Sr,Si)= 0.034
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Table C.11: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Si atoms on ab plane,
δ (Al,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaAlSi states σ2(Ω) δ (Al,Si) N(Ω)
intermed.
Ba(5p6)
0.262(Ba) 0.000 5.743(Ba)
0.064(Al) 0.064(Al)
0.190(Si) 0.190(Si)
Al(2p6)
0.000(Ba) 0.006 0.000(Ba)
0.010(Al) 5.990(Al)
0.010(Si) 0.010(Si)
Si(2p6)
0.000(Ba) 0.000 0.000(Ba)
0.000(Al) 0.000(Al)
0.000(Si) 6.000(Si)
valence
1.118(Ba) 0.605 1.193(Ba)
1.349(Al) 1.781(Al)
2.154(Si) 6.025(Si)
all statesa
1.144(Ba) 0.635 18.925(Ba)
1.402(Al) 9.838(Al)
2.219(Si) 14.236(Si)
a skip_core_states
Ba 5p6: δ (Ba,Al)= 0.020 / δ (Ba,Si)= 0.061
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Table C.12: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Ge atoms on ab plane,
δ (Al,Ge), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
CaAlGe states σ2(Ω) δ (Al,Ge) N(Ω)
intermed.
Ca(3p6)
0.080(Ca) 0.000 5.919(Ca)
0.018(Al) 0.018(Al)
0.063(Ge) 0.063(Ge)
Al(2p6)
0.000(Ca) 0.007 0.000(Ca)
0.011(Al) 5.989(Al)
0.011(Ge) 0.011(Ge)
Ge(3d10)
0.004(Ca) 0.000 0.004(Ca)
0.002(Al) 0.002(Al)
0.006(Ge) 9.994(Ge)
valence
0.736(Ca) 0.640 0.772(Ca)
1.444(Al) 1.921(Al)
2.175(Ge) 6.306(Ge)
all statesa
0.777(Ca) 0.645 8.689(Ca)
1.470(Al) 9.932(Al)
2.228(Ge) 24.380(Ge)
a skip_core_states
Ca 3p6: δ (Ca,Al)= 0.006 / δ (Ca,Ge)= 0.021
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Table C.13: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Ge atoms on ab plane,
δ (Al,Ge), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
SrAlGe states σ2(Ω) δ (Al,Ge) N(Ω)
intermed.
Sr(4p6)
0.129(Sr) 0.000 5.870(Sr)
0.034(Al) 0.034(Al)
0.096(Ge) 0.096(Ge)
Al(2p6)
0.000(Sr) 0.005 0.000(Sr)
0.008(Al) 5.992(Al)
0.008(Ge) 0.008(Ge)
Ge(3d10)
0.001(Sr) 0.000 0.001(Sr)
0.002(Al) 0.002(Al)
0.003(Ge) 9.997(Ge)
valence
0.819(Sr) 0.640 0.862(Sr)
1.459(Al) 1.970(Al)
2.129(Ge) 6.167(Ge)
all statesa
0.866(Sr) 0.650 8.726(Sr)
1.494(Al) 9.998(Al)
2.192(Ge) 24.275(Ge)
a skip_core_states
Sr 4p6: δ (Sr,Al)= 0.011 / δ (Sr,Ge)= 0.032
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Table C.14: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Ge atoms on ab plane,
δ (Al,Ge), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaAlGe states σ2(Ω) δ (Al,Ge) N(Ω)
intermed.
Ba(5p6)
0.255(Ba) 0.000 5.748(Ba)
0.067(Al) 0.068(Al)
0.181(Ge) 0.181(Ge)
Al(2p6)
0.000(Ba) 0.005 0.000(Ba)
0.007(Al) 5.993(Al)
0.07(Ge) 0.007(Ge)
Ge(3d10)
0.001(Ba) 0.000 0.001(Ba)
0.002(Al) 0.002(Al)
0.003(Ge) 9.997(Ge)
valence
1.102(Ba) 0.614 1.175(Ba)
1.418(Al) 1.926(Al)
2.096(Ge) 5.900(Ge)
all statesa
1.122(Ba) 0.634 18.913(Ba)
1.474(Al) 9.990(Al)
2.151(Ge) 24.097(Ge)
a skip_core_states
Ba 5p6: δ (Ba,Al)= 0.021 / δ (Ba,Ge)= 0.058.
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Table C.15: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Sn atoms on ab plane,
δ (Al,Sn), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
CaAlSn states σ2(Ω) δ (Al,Sn) N(Ω)
intermed.
Ca(3p6)
0.076(Ca) 0.000 5.924(Ca)
0.015(Al) 0.015(Al)
0.061(Sn) 0.061(Sn)
Al(2p6)
0.000(Ca) 0.000 0.000(Ca)
0.005(Al) 5.995(Al)
0.005(Si) 0.005(Si)
Sn(4d10)
0.013(Ca) 0.004 0.013(Ca)
0.007(Al) 0.007(Al)
0.020(Sn) 9.980(Sn)
valence
0.717(Ca) 0.691 0.751(Ca)
1.591(Al) 2.227(Al)
2.320(Sn) 6.021(Sn)
all statesa
0.755(Ca) 0.700 8.682(Ca)
1.614(Al) 10.244(Al)
2.367(Sn) 24.073(Sn)
a skip_core_states
Ca 3p6: δ (Ca,Al)= 0.005 / δ (Ca,Sn)= 0.020
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Table C.16: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Sn atoms on ab plane,
δ (Al,Sn), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
SrAlSn states σ2(Ω) δ (Al,Sn) N(Ω)
intermed.
Sr(4p6)
0.111(Sr) 0.000 5.887(Sr)
0.028(Al) 0.028(Al)
0.085(Sn) 0.085(Sn)
Al(2p6)
0.000(Ca) 0.000 0.000(Ca)
0.005(Al) 5.995(Al)
0.005(Si) 0.005(Si)
Sn(4d10)
0.004(Sr) 0.004 0.004(Sr)
0.006(Al) 0.006(Al)
0.011(Sn) 9.989(Sn)
valence
0.780(Sr) 0.702 0.819(Sr)
1.600(Al) 2.278(Al)
2.225(Sn) 5.899(Sn)
all statesa
0.827(Sr) 0.715 8.705(Sr)
1.629(Al) 10.309(Al)
2.285(Sn) 23.986(Sn)
a skip_core_states
Sr 4p6: δ (Sr,Al)= 0.009 / δ (Sr,Sn)= 0.028
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Table C.17: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Al and Sn atoms on ab plane,
δ (Al,Sn), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaAlSn states σ2(Ω) δ (Al,Sn) N(Ω)
intermed.
Ba(5p6)
0.209(Ba) 0.002 5.788(Ba)
0.057(Al) 0.057(Al)
0.153(Sn) 0.153(Sn)
Al(2p6)
0.000(Ca) 0.000 0.000(Ca)
0.005(Al) 5.995(Al)
0.005(Si) 0.005(Si)
Sn(4d10)
0.002(Ba) 0.004 0.002(Ba)
0.006(Al) 0.006(Al)
0.008(Sn) 9.992(Sn)
valence
1.035(Ba) 0.678 1.098(Ba)
1.574(Al) 2.267(Al)
2.173(Sn) 5.634(Sn)
all statesa
1.069(Ba) 0.705 18.880(Ba)
1.621(Al) 10.329(Al)
2.239(Sn) 23.791(Sn)
a skip_core_states
Ba 5p6: δ (Ba,Al)= 0.018 / δ (Ba,Sn)= 0.049
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Table C.18: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Si atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
CaGaSi states σ2(Ω) δ (Ga,Si) N(Ω)
intermed.
Ca(3p6)
0.086(Ca) 0.000 5.913(Ca)
0.036(Ga) 0.036(Ga)
0.050(Si) 0.050(Si)
Ga(3d10)
0.004(Ca) 0.048 0.004(Ca)
0.078(Ga) 9.923(Ga)
0.073(Si) 0.073(Si)
Si(2p6)
0.000(Ca) 0.000 0.000(Ca)
0.000(Ga) 0.000(Ga)
0.000(Si) 6.000(Si)
valence
0.734(Ca) 0.884 0.768(Ca)
2.047(Ga) 3.441(Ga)
2.255(Si) 4.791(Si)
all statesa
0.779(Ca) 0.905 8.678(Ca)
2.094(Ga) 21.402(Ga)
2.312(Si) 12.919(Si)
a skip_core_states
Ca 3p6: δ (Ca,Ga)= 0.012 / δ (Ca,Si)= 0.016
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Table C.19: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Si atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
SrGaSi states σ2(Ω) δ (Ga,Si) N(Ω)
intermed.
Sr(4p6)
0.150(Sr) 0.000 5.848(Sr)
00.068(Ga) 0.068(Ga)
0.084(Si) 0.084(Si)
Ga(3d10)
0.011(Sr) 0.043 0.011(Sr)
0.077(Ga) 9.923(Ga)
0.065(Si) 0.065(Si)
Si(2p6)
0.000(Sr) 0.000 0.000(Sr)
0.000(Ga) 0.000(Ga)
0.000(Si) 6.000(Si)
valence
0.823(Sr) 0.867 0.866(Sr)
2.001(Ga) 3.379(Ga)
2.217(Si) 4.755(Si)
all statesa
0.873(Sr) 0.894 8.718(Sr)
2.062(Ga) 21.373(Ga)
2.285(Si) 12.909(Si)
a skip_core_states
Sr 4p6: δ (Sr,Ga)= 0.022 / δ (Sr,Si)= 0.027
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Table C.20: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Si atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaGaSi states σ2(Ω) δ (Ga,Si) N(Ω)
intermed.
Ba(5p6)
0.307(Ba) 0.000 5.696(Ba)
0.144(Ga) 0.144(Ga)
0.156(Si) 0.158(Si)
Ga(3d10)
0.027(Ba) 0.043 0.027(Ba)
0.090(Ga) 9.911(Ga)
0.063(Si) 0.063(Si)
Si(2p6)
0.000(Ba) 0.000 0.000(Ba)
0.000(Ga) 0.000(Ga)
0.000(Si) 6.000(Si)
valence
1.127(Ba) 0.808 1.201(Ba)
1.922(Ga) 3.214(Ga)
2.156(Si) 4.584(Si)
all statesa
1.142(Ba) 0.858 18.913(Ba)
1.999(Ga) 21.275(Ga)
2.230(Si) 12.812(Si)
a skip_core_states
Ba 4p6: δ (Ba,Ga)= 0.045 / δ (Ba,Si)= 0.049
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Table C.21: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Ge atoms on ab plane,
δ (Ga,Ge), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
CaGaGe states σ2(Ω) δ (Ga,Ge) N(Ω)
intermed.
Ca(3p6)
0.081(Ca) 0.000 5.918(Ca)
0.032(Ga) 0.032(Ga)
0.050(Ge) 0.050(Ge)
Ga(3d10)
0.003(Ca) 0.049 0.003(Ca)
0.078(Ga) 9.923(Ga)
0.073(Ge) 0.074(Ge)
Ge(3d10)
0.005(Ca) 0.00 0.005(Ca)
0.012(Ga) 0.012(Ga)
0.017(Ge) 9.983(Ge)
valence
0.698(Ca) 0.834 0.730(Ca)
1.961(Ga) 3.399(Ga)
2.127(Ge) 4.870(Ge)
all statesa
0.741(Ca) 0.851 8.651(Ca)
2.005(Ga) 21.368(Ga)
2.179(Ge) 22.980(Ge)
a skip_core_states
Ca 3p6: δ (Ca,Ga)= 0.011 / δ (Ca,Ge)= 0.016
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Table C.22: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Ge atoms on ab plane,
δ (Ga,Ge), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
SrGaGe states σ2(Ω) δ (Ga,Ge) N(Ω)
intermed.
Sr(4p6)
0.134(Sr) 0.000 5.864(Sr)
0.059(Ga) 0.059(Ga)
0.076(Ge) 0.076(Ge)
Ga(3d10)
0.008(Sr) 0.042 0.008(Sr)
0.071(Ga) 9.929(Ga)
0.0630(Ge) 0.063(Ge)
Ge(3d10)
0.001(Sr) 0.000 0.001(Sr)
0.009(Ga) 0.009(Ga)
0.010(Ge) 9.990(Ge)
valence
0.778(Sr) 0.802 0.816(Sr)
1.905(Ga) 3.357(Ga)
2.072(Ge) 4.827(Ge)
all statesa
0.826(Sr) 0.827 8.682(Sr)
1.960(Ga) 21.356(Ga)
2.135(Ge) 22.962(Ge)
a skip_core_states
Sr 4p6: δ (Sr,Ga)= 0.019 / δ (Sr,Ge)= 0.025
C.3 Ternary compounds MTrTt of AlB2-type 153
Table C.23: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Ge atoms on ab plane,
δ (Ga,Ge), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaGaGe states σ2(Ω) δ (Ga,Ge) N(Ω)
intermed.
Ba(5p6)
0.291(Ba) 0.001 5.707(Ba)
0.144(Ga) 0.144(Ga)
0.146(Ge) 0.146(Ge)
Ga(3d10)
0.037(Ba) 0.040 0.037(Ba)
0.099(Ga) 9.902(Ga)
0.061(Ge) 0.061(Ge)
Ge(3d10)
0.001(Ba) 0.006 0.001(Ba)
0.008(Ga) 0.008(Ga)
0.009(Ge) 9.991(Ge)
valence
1.055(Ba) 0.756 1.121(Ba)
1.837(Ga) 3.232(Ga)
2.028(Ge) 4.647(Ge)
all statesa
1.073(Ba) 0.797 18.855(Ba)
1.907(Ga) 21.292(Ga)
2.091(Ge) 22.853(Ge)
a skip_core_states
Ba 5p6: δ (Ba,Ga)= 0.045 / δ (Ba,Ge)= 0.046
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Table C.24: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Sn atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
CaGaSn states σ2(Ω) δ (Ga,Sn) N(Ω)
intermed.
Ca(3p6)
0.069(Ca) 0.000 5.930(Ca)
0.023(Ga) 0.023(Ga)
0.047(Sn) 0.047(Sn)
Ga(3d10)
0.002(Ca) 0.083 0.002(Ca)
0.057(Ga) 9.944(Ga)
0.054(Sn) 0.054(Sn)
Sn(4d10)
0.009(Ca) 0.036 0.009(Ca)
0.031(Ga) 0.031(Ga)
0.040(Sn) 9.960(Sn)
valence
0.688(Ca) 0.813 0.720(Ca)
1.938(Ga) 3.537(Ga)
2.185(Sn) 4.743(Sn)
all statesa
0.727(Ca) 0.836 8.656(Ca)
1.985(Ga) 21.536(Ga)
2.245(Sn) 22.807(Sn)
a skip_core_states
Ca 3p6: δ (Ca,Ga)= 0.007 / δ (Ca,Sn)= 0.015
C.3 Ternary compounds MTrTt of AlB2-type 155
Table C.25: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Sn atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
SrGaSn states σ2(Ω) δ (Ga,Sn) N(Ω)
intermed.
Sr(4p6)
0.111(Sr) 0.000 5.888(Sr)
0.042(Ga) 0.042(Ga)
0.071(Sn) 0.071(Sn)
Ga(3d10)
0.004(Sr) 0.031 0.004(Sr)
0.051(Ga) 9.949(Ga)
0.047(Sn) 0.047(Sn)
Sn(4d10)
0.005(Sr) 0.018 0.005(Sr)
0.028(Ga) 0.028(Ga)
0.032(Sn) 9.968(Sn)
valence
0.745(Sr) 0.801 0.782(Sr)
1.885(Ga) 3.477(Ga)
2.118(Sn) 4.740(Sn)
all statesa
0.795(Sr) 0.827 8.673(Sr)
1.940(Ga) 21.497(Ga)
2.189(Sn) 22.829(Sn)
a skip_core_states
Sr 4p6: δ (Sr,Ga)= 0.013 / δ (Sr,Sn)= 0.023
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Table C.26: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors Ga and Sn atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaGaSn states σ2(Ω) δ (Ga,Sn) N(Ω)
intermed.
Ba(5p6)
0.226(Ba) 0.003 5.770(Ba)
0.101(Ga) 0.101(Ga)
0.128(Sn) 0.129(Sn)
Ga(3d10)
0.022(Ba) 0.029 0.022(Ba)
0.066(Ga) 9.935(Ga)
0.043(Sn) 0.043(Sn)
Sn(4d10)
0.002(Ba) 0.016 0.002(Ba)
0.023(Ga) 0.023(Ga)
0.026(Sn) 9.074(Sn)
valence
0.995(Ba) 0.749 1.053(Ba)
1.820(Ga) 3.363(Ga)
2.059(Sn) 4.584(Sn)
all statesa
1.031(Ba) 0.786 18.838(Ba)
1.886(Ga) 21.425(Ga)
2.140(Sn) 22.736(Sn)
a skip_core_states
Ba 4p6: δ (Ba,Ga)= 0.032 / δ (Ba,Sn)= 0.041
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Table C.27: Fluctuation of basin Ω, σ2(Ω), DI between two neighbors In and Ge atoms on ab plane,
δ (Ga,Si), and population of basin Ω, N(Ω), for complete, valence, core-like and intermediate states.
BaInGe states σ2(Ω) δ (Ga,Sn) N(Ω)
intermed.
Ba(5p6)
0.297(Ba) 0.001 5.691(Ba)
0.201(Ge) 0.204(Ge)
0.105(Sn) 0.105(Sn)
Ge(3d10)
0.000(Ba) 0.004 0.000(Ba)
0.007(In) 0.007(In)
0.007(Ge) 9.993(Ge)
In(4d10)
0.106(Ba) 0.062 0.106(Ba)
0.203(In) 9.797(In)
0.095(Ge) 0.095(Ge)
valence
0.983(Ba) 0.740 1.039(Ba)
21.851(In) 3.230(In)
1.982(Ge) 4.730(Ge)
all statesa
1.021(Ba) 0.775 18.831(Ba)
1.930(In) 21.241(In)
2.046(Ge) 22.928(Ge)
a skip_core_states
Ba 4p6: δ (Ba,Ge)= 0.032 / δ (Ba,In)= 0.041
In 4d10: δ (Ba,In)= 0.035

Appendix D
Tabulated Data
D.1 Digallides
Two-center delocalization indices
Table D.1: QTAIM atomic charges, fluctuations, and delocalization indices in MGa2 in AlB2 type of
structure. Distances are given in angstroms.
Compound Qe f f (M)/Qe f f (Ga) σ2(M)/σ2(Ga) dab δ ab d δ
(Ga – Ga’) (Ga,Ga’) (M – Ga) (M,Ga)
MgGa2 +1.38/-0.69 0.58/2.07 2.687 0.59 3.086 0.07
CaGa2 +1.34/-0.67 0.74/2.07 2.501 0.80 3.294 0.09
ScGa2 +1.32/-0.66 1.59/2.19 2.524 0.63 3.000 0.17
TiGa2 +1.00/-0.50 2.43/2.19 2.496 0.53 2.892 0.23
VGa2 +0.60/-0.30 3.09/2.14 2.538 0.42 2.863 0.26
CrGa2 +0.32/-0.16 3.36/2.11 2.513 0.38 2.822 0.28
SrGa2 +1.32/-0.66 0.80/2.02 2.524 0.82 3.476 0.10
YGa2 +1.50/-0.75 1.48/2.20 2.438 0.77 3.189 0.17
ZrGa2 +1.34/-0.62 2.33/2.26 2.390 0.66 3.005 0.26
NbGa2 +0.56/-0.28 3.20/2.12 2.597 0.39 2.948 0.29
MoGa2 +0.10/-0.05 3.57/2.06 2.579 0.33 2.903 0.32
BaGa2 +1.16/-0.58 1.03/1.96 2.578 0.77 3.632 0.12
LaGa2 +1.34/-0.67 1.71/2.12 2.502 0.71 3.349 0.19
HfGa2 +1.28/-0.64 2.33/2.29 2.386 0.65 2.983 0.26
TaGa2 +0.50/-0.25 3.29/2.12 2.617 0.35 2.956 0.30
WGa2 -0.04/+0.02 3.75/2.04 2.597 0.29 2.916 0.33
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Table D.2: QTAIM atomic charges, fluctuations, and delocalization indices in MGa2 in AlB2 type of
structure. Distances are given in angstroms.
Compound dab δ ab dc δ c dc δ c
(M – M’) (M,M’) (M – M’) (M,M’) (Ga – Ga’) (Ga,Ga’) c/a
MgGa2 4.653 0.00 3.038 0.02 3.038 0.29 0.653
CaGa2 4.322 0.01 4.286 0.01 4.286 0.09 0.992
ScGa2 4.372 0.02 3.240 0.08 3.240 0.24 0.741
TiGa2 4.322 0.03 2.924 0.22 2.924 0.28 0.677
VGa2 4.396 0.02 2.647 0.54 2.647 0.35 0.602
CrGa2 4.353 0.05 2.569 0.60 2.569 0.32 0.590
SrGa2 4.372 0.01 4.780 0.01 4.780 0.05 1.089
YGa2 4.223 0.03 4.111 0.03 4.111 0.09 0.975
ZrGa2 4.139 0.06 3.642 0.10 3.642 0.12 0.880
NbGa2 4.500 0.03 2.790 0.54 2.790 0.31 0.602
MoGa2 4.467 0.03 2.665 0.72 2.665 0.29 0.597
BaGa2 4.466 0.02 5.116 0.01 5.116 0.02 1.146
LaGa2 4.334 0.04 4.453 0.03 4.453 0.05 1.077
HfGa2 4.133 0.05 3.580 0.13 3.850 0.10 0.866
TaGa2 4.532 0.02 2.751 0.60 2.751 0.30 0.607
WGa2 4.498 0.05 2.652 0.86 2.652 0.29 0.590
Table D.3: QTAIM atomic charges, fluctuations, and delocalization indices in MGa2 in CaIn2 type
of structure. Distances are given in angstroms.
Compound Qe f f (M)/Qe f f (Ga) σ2(M)/σ2(Ga) dab δ ab d δ
(Ga – Ga’) (Ga,Ga’) (M – Ga) (M,Ga)
MgGa2 +1.50/-0.75 0.51/2.12 2.621 0.66 2.881/3.294 0.09/0.04
CaGa2 +1.38/-0.64 0.83/2.01 2.678 0.66 3.017/3.385 0.14/0.07
Table D.4: QTAIM atomic charges, fluctuations, and delocalization indices in MGa2 in CaIn2 type
of structure. Distances are given in angstroms.
Compound dab δ ab dc δ c dc δ c
(M – M’) (M,M’) (M – M’) (M,M’) (Ga – Ga’) (Ga,Ga’)
MgGa2 4.653 0.00 3.038 0.02 2.796 0.59
CaGa2 4.506 0.01 3.694 0.01 3.057 0.49
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Table D.5: Total electron pair sharing 2σ2(Ga), close electron pair sharing ζclose(Ga), and distant
electron pair sharing ζdist(Ga) in CaIn2-type digallides MGa2.
Compound 2σ2(Ga) ζclose(Ga) ζdist(Ga)
MgGa2 4.24 2.96 1.28
CaGa2 4.02 3.10 0.92
Close and distant pair sharing
Table D.6: Total electron pair sharing 2σ2(Ga), close electron pair sharing ζclose(Ga), and distant
electron pair sharing ζdist(Ga) in AlB2 type digallides MGa2.
Compound 2σ2(Ga) ζclose(Ga) ζdist(Ga) ζmeta+para(Ga) ζmeta+para/ζdist(Ga) (%)
CaGa2 4.14 3.12 1.02 0.32 31
ScGa2 4.38 3.39 0.99 0.18 18
TiGa2 4.38 3.53 0.85 0.11 13
VGa2 4.28 3.52 0.76 0.02 2
CrGa2 4.22 3.52 0.70 0.06 9
SrGa2 4.04 3.16 0.88 0.39 44
YGa2 4.40 3.51 0.89 0.28 31
ZrGa2 4.52 3.78 0.74 0.20 26
NbGa2 4.24 3.53 0.71 0.06 8
MoGa2 4.12 3.49 0.63 0.05 8
BaGa2 3.92 3.07 0.85 0.36 43
LaGa2 4.24 3.37 0.87 0.27 31
HfGa2 4.58 3.71 0.87 0.20 23
TaGa2 4.24 3.45 0.79 0.06 8
WGa2 4.08 3.43 0.65 0.05 7
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Table D.7: Total electron pair sharing 2σ2(M), close electron pair sharing ζclose(M), and distant
electron pair sharing ζdist(M) in AlB2 type digallides MGa2.
Compound 2σ2(M) ζclose(M) ζdist(M)
CaGa2 1.48 1.16 0.32
ScGa2 3.18 2.32 0.86
TiGa2 4.86 3.38 1.48
VGa2 6.18 4.32 1.86
CrGa2 6.72 4.98 1.74
SrGa2 1.60 1.28 0.32
YGa2 2.96 2.28 0.68
ZrGa2 4.66 3.68 0.98
NbGa2 6.40 4.74 1.66
MoGa2 7.14 5.46 1.68
BaGa2 2.06 1.58 0.48
LaGa2 3.42 2.58 0.84
HfGa2 4.66 3.68 0.98
TaGa2 6.58 4.92 1.66
WGa2 7.50 5.98 1.52
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QTAIM volumes
Table D.8: QTAIM atomic volume for MGa2 and MB2 in AlB2 type. All values in bohr3.
Compound M Ga M/Ga ratio
CaGa2 105.2 182.5 0.576
ScGa2 85.3 138.4 0.616
TiGa2 84.4 119.4 0.707
VGa2 85.5 106.8 0.801
CrGa2 86.6 96.0 0.903
SrGa2 146.9 193.6 0.758
YGa2 120.1 154.1 0.779
ZrGa2 113.0 126.0 0.897
NbGa2 112.8 108.7 1.038
MoGa2 114.4 98.3 1.164
BaGa2 207.8 194.3 1.069
LaGa2 170.4 159.3 1.070
HfGa2 111.5 122.9 0.907
TaGa2 117.5 106.4 1.104
WGa2 123.0 95.4 1.289
Compound M B M/B ratio
CaB2 82.3 82.2 1.002
ScB2 64.9 69.4 0.934
TiB2 57.9 58.0 0.999
VB2 57.5 51.5 1.117
CrB2 58.1 50.4 1.155
SrB2 112.7 84.6 1.333
YB2 91.3 75.7 1.207
ZrB2 82.5 62.9 1.312
NbB2 77.1 53.8 1.434
MoB2 73.7 45.8 1.608
BaB2 149.1 80.6 1.850
LaB2 130.9 73.3 1.786
HfB2 81.1 59.6 1.359
TaB2 77.3 51.6 1.498
WB2 75.0 43.8 1.713
Puckering - lattice parameters, volumes and charges
Table D.10: Buckling z fixed parameters for CaGa2: lattice constants a and c in Å and QTAIM
volumes in bohr−3.
z a c Volume (Ca) Volume (Ga) Qe f f (Ga)
0.00 4.320 8.648 105.5 183.0 -0.67
0.01 4.330 8.573 105.2 182.0 -0.67
0.02 4.450 7.738 100.3 174.0 -0.64
0.03 4.477 7.543 99.1 171.4 -0.64
0.04 4.501 7.410 98.4 170.0 -0.63
0.05 4.523 7.331 98.1 171.1 -0.63
0.06 4.549 7.298 98.5 171.5 -0.63
0.07 4.584 7.324 99.7 175.5 -0.62
0.08 4.629 7.415 101.6 181.8 -0.62
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Table D.9: Atomic radii of the metal atom in AlB2 type digallides and diborides calculated from
QTAIM volumes V (r = (3V/4π)1/3) and given as half of the interatomic distance for the element.
All values in picometer.
Compound QTAIM Atomic
CaGa2 154.9 197.4
ScGa2 144.5 160.6
TiGa2 144.0 144.8
VGa2 144.6 131.1
CrGa2 145.2 124.9
SrGa2 173.2 215.1
YGa2 162.0 177.6
ZrGa2 158.7 159.0
NbGa2 158.6 142.9
MoGa2 159.3 136.3
BaGa2 194.4 217.4
LaGa2 182.0 187.0
HfGa2 158.0 156.4
TaGa2 160.8 143.0
WGa2 163.2 137.0
Compound QTAIM Atomic
CaB2 142.8 197.4
ScB2 131.9 160.6
TiB2 127.0 144.8
VB2 126.7 131.1
CrB2 127.2 124.9
SrB2 158.6 215.1
YB2 147.8 177.6
ZrB2 142.9 159.0
NbB2 139.7 142.9
MoB2 137.6 136.3
BaB2 174.1 217.4
LaB2 166.7 187.0
HfB2 142.1 156.4
TaB2 139.8 143.0
WB2 138.4 137.0
Table D.11: Buckling z fixed parameters for SrGa2: lattice constants a and c in Å and QTAIM
volumes in bohr−3.
z a c Volume (Sr) Volume (Ga) Qe f f (Ga)
0.00 4.374 9.547 146.9 193.6 -0.66
0.01 4.378 9.519 — — —
0.02 4.392 9.440 145.0 194.0 -0.66
0.03 4.427 9.255 143.1 193.4 -0.65
0.04 4.647 7.953 134.9 183.5 -0.62
0.05 4.693 7.752 134.0 182.5 -0.61
0.06 4.740 7.641 134.5 184.0 -0.61
0.07 4.791 7.613 136.1 187.5 -0.61
0.08 4.791 7.665 139.2 193.8 -0.61
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Table D.12: Buckling z fixed parameters for BaGa2: lattice constants a and c in Å and QTAIM
volumes in bohr−3.
z a c Volume (Ba) Volume (Ga) Qe f f (Ga)
0.00 4.463 10.234 207.5 194.3 -0.58
0.01 4.467 10.222 — — —
0.02 4.478 10.199 — 195.2 —
0.03 4.497 10.146 205.6 197.0 -0.57
0.04 4.534 10.029 204.1 199.3 -0.56
0.05 4.905 8.060 188.2 189.5 -0.53
0.06 4.961 7.900 188.1 190.1 -0.53
0.07 5.016 7.833 189.9 192.5 -0.52
0.08 5.077 7.863 193.9 199.1 -0.52
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Lattice parameters
Table D.13: Comparison lattice parameters (a/c) from experimental data and optimisations for MTrTt
in AlB2-type.4 PBE functional and values given in Å.
Compound Experimental Optimization
MgAlSia —/— 4.180/3.955
MgAlGea —/— 4.264/3.993
MgAlSna —/— 4.899/3.780
MgGaSia —/— 4.138/4.041
MgGaGea —/— 4.764/2.923
MgGaGna —/— 5.060/3.072
CaAlSi 4.186/4.397 4.209/4.374
CaAlGe —/— 4.268/4.402
CaAlSn —/— 4.563/4.458
CaGaSi —/— 4.153/4.365
CaGaGeb 4.220/17.288 4.219/4.325
CaGaSn —/— 4.553/4.464
CaInSia —/— 4.451/4.395
CaInGea —/— 4.562/4.414
CaInSna —/— 5.247/3.475
SrAlSi 4.237/4.744 4.270/4.735
SrAlGe 4.304/4.741 4.333/4.752
SrAlSna —/— 4.623/4.779
SrGaSi 4.184/4.742 4.218/4.714
SrGaGe 4.272/4.718 4.334/4.696
SrGaSnb 4.551/18.710 4.623/4.758
SrInSia —/— 4.513/4.716
SrInGea —/— 4.631/4.712
SrInSna —/— 4.894/4.754
BaAlSi 4.300/5.144 4.318/5.157
BaAlGe 4.351/5.140 4.383/5.163
BaAlSn 4.633/5.141 4.677/5.159
BaGaSi 4.248/5.111 4.273/5.122
BaGaGe 4.335/5.095 4.382/5.102
BaGaSnc 4.581/10.330 4.686/5.108
BaInSia —/— 4.563/5.109
BaInGe 4.335/5.095169 4.704/5.069
BaInSna —/— 4.953/5.071
a: Not observed expermentally.
b: Found in YPtAs structure type (P63/mmc).4
c: Found in CaIn2 structure type (P63/mmc).4
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Table D.14: Comparison lattice parameters (a/c) from experimental data and optimisations for
MTrTtH in SrAlSiH-type. PBE functional and values in Å.
Compound Experimental Optimization
MgSiAl – H —/— 3.934/4.871
MgAlSi – H —/— 4.031/4.710
CaSiAl – H 4.126/4.695 4.143/4.701
CaAlSi – H —/— 4.132/4.926
SrSiAl – H 4.258/4.754 4.232/4.944
SrAlSi – H —/— 4.228/5.163
BaSiAl – H 4.315/5.230 4.330/5.209
BaAlSi – H —/— 4.323/5.362
CaGeAl – H —/— 4.178/4.752
CaAlGe – H —/— 4.180/5.031
SrGeAl – H —/— 4.269/4.980
SrAlGe – H —/— 4.196/5.022
BaGeAl – H —/— 4.374/5.229
BaAlGe – H —/— 4.376/5.519
CaSnAl – H —/— 4.435/4.893
CaAlSn – H —/— 4.433/5.088
SrSnAl – H —/— 4.518/4.609
SrAlSn – H —/— 4.519/4.934
BaSnAl – H —/— 4.618/5.329
BaAlSn – H —/— 4.614/5.526
CaSiGa – H —/— 4.096/4.766
CaGaSi – H —/— 4.086/4.805
SrSiGa – H —/— 4.194/4.990
SrGaSi – H —/— 4.183/5.054
BaSiGa – H 4.278/5.195 4.301/5.232
BaGaSi – H —/— 4.280/5.307
CaGeGa – H —/— 4.157/4.793
CaGaGe – H —/— 4.168/4.901
SrGeGa – H 4.222/4.969 4.257/5.012
SrGaGe – H —/— 4.275/5.136
BaGeGa – H 4.334/5.190 4.373/5.240
BaGaGe – H —/— 4.395/5.375
CaSnGa – H —/— 4.392/4.962
CaGaSn – H —/— 4.402/5.018
SrSnGa – H —/— 4.488/5.170
SrGaSn – H —/— 4.496/5.230
BaSnGa – H 4.559/5.298 4.600/5.375
BaGaSn – H —/— 4.612/5.074
a: Not observed experimentally.
b: Found in YPtAs structure type (P63/mmc).4
c: Found in CaIn2 structure type (P63/mmc).4
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Delocalization Indices
Table D.15: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (Tr)/(Tt)/(H) σ2(Tr)/(Tt)/(H) dab δ ab d δ dab δ ab
(Tr – Tt) (Tr,Tt) (Tr – H) (Tr,H) (Tt – H) (Tt,H)
MgAlSi +1.28/-2.71/— 1.37/2.52/— 2.413 0.63 — — — —
MgSiAl – H +1.84/-2.53/-0.89 1.00/2.02/0.70 2.447 0.48 1.697 0.34 3.204 0.12
MgAlSi – H +0.95/-1.40/-0.86 1.39/2.16/0.84 2.472 0.53 3.258 0.07 1.597 0.84
CaAlSi +1.21/-2.52/— 1.40/2.31/— 2.430 0.63 — — — —
CaSiAl – H +1.85/-2.41/-0.83 0.99/2.04/0.69 2.446 0.46 1.754 0.28 3.295 0.13
CaAlSi – H +0.87/-1.46/-0.76 1.38/2.18/0.76 2.483 0.58 3.339 0.03 1.650 0.72
SrAlSi +1.15/-2.41/— 1.43/2.27/— 2.465 0.64 — — — —
SrSiAl – H +1.81/-2.36/-0.81 1.02/2.01/0.67 2.487 0.48 1.756 0.28 3.300 0.13
SrAlSi – H +0.83/-1.40/-0.75 1.41/2.15/0.75 2.517 0.60 3.328 0.04 1.648 0.71
BaAlSi +1.16/-2.23/— 1.40/2.22/— 2.493 0.64 — — — —
BaSiAl – H +1.71/-2.19/-0.78 1.05/2.01/0.67 2.533 0.48 1.743 0.29 3.299 0.12
BaAlSi – H +0.88/-1.30/-0.72 1.45/2.16/0.74 2.542 0.60 3.275 0.04 1.637 0.70
Table D.16: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (M) σ2(M) dab δ d δ dab δ ab
(M-Tr) (M,Tr) (M-Tt) (M,Tt) M-H (M,H)
MgAlSi +1.45 0.55 3.120 0.03 3.120 0.11 — —
MgSiAl – H +1.57 0.43 3.341 0.01 3.290 0.10 2.493 0.12
MgAlSi – H +1.46 0.51 3.335 0.04 3.229 0.12 2.332 0.06
CaAlSi +1.31 0.79 3.269 0.05 3.269 0.15 — —
CaSiAl – H +1.39 0.73 3.217 0.02 3.142 0.17 2.425 0.11
CaAlSi – H +1.34 0.76 3.298 0.11 3.089 0.13 2.406 0.10
SrAlSi +1.16 0.89 3.418 0.06 3.418 0.16 — —
SrSiAl – H +1.37 0.83 3.337 0.02 3.293 0.19 2.497 0.13
SrAlSi – H +1.32 0.85 3.416 0.12 3.259 0.12 2.494 0.11
BaAlSi +1.07 1.14 3.586 0.07 3.586 0.19 — —
BaSiAl – H +1.23 1.07 3.477 0.03 3.454 0.22 2.589 0.16
BaAlSi – H +1.14 1.13 3.528 0.14 3.452 0.14 2.605 0.14
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Table D.17: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (Tr)/(Tt)/(H) σ2(Tr)/(Tt)/(H) dab δ ab d δ dab δ ab
(Tr – Tt) (Tr,Tt) (Tr – H) (Tr,H) (Tt – H) (Tt,H)
MgAlGe +1.04/-2.45/— 1.50/2.40/— 2.462 0.65 — — — —
CaAlGe +1.06/-2.38/— 1.47/2.23/— 2.464 0.64 — — — —
CaGeAl – H +1.80/-2.35/-0.84 1.03/1.99/0.69 2.482 0.47 1.75 0.30 3.350 0.13
CaAlGe – H +0.80/-1.59/-0.56 1.39/2.11/0.73 2.527 0.57 3.487 0.05 1.764 0.70
SrAlGe +1.01/-2.28/— 1.49/2.19/— 2.502 0.65 — — — —
SrGeAl – H +1.75/-2.30/-0.83 1.05/1.97/0.67 2.520 0.48 1.750 0.30 3.350 0.12
SrAlGe – H +1.84/-1.61/-0.53 1.40/2.14/0.72 2.506 0.58 3.418 0.03 1.771 0.66
BaAlGe +0.99/-2.10/— 1.47/2.15/— 2.530 0.65 — — — —
BaGeAl – H +1.69/-2.12/-0.80 1.08/1.98/0.67 2.568 0.49 1.739 0.30 3.351 0.12
BaAlGe – H +0.75/-1.40/-0.52 1.44/2.08/0.71 2.594 0.60 3.459 0.03 1.773 0.66
Table D.18: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (M) σ2(M) dab δ d δ dab δ ab
(M-Tr) (M,Tr) (M-Tt) (M,Tt) M-H (M,H)
MgAlGe +1.41 0.55 3.170 0.04 3.170 0.11 — —
CaAlGe +1.32 0.78 3.304 0.05 3.304 0.14 — —
CaGeAl – H +1.39 0.73 3.237 0.02 3.140 0.17 2.448 0.10
CaGeAl – H +1.35 0.75 3.334 0.10 3.121 0.13 2.423 0.09
SrAlGe +1.27 0.87 3.450 0.06 3.450 0.16 — —
SrGeAl – H +1.37 0.82 3.353 0.03 3.303 0.18 2.520 0.13
SrAlGe – H +1.30 0.89 3.641 0.03 3.192 0.15 2.442 0.12
BaAlGe +1.09 1.12 3.615 0.07 3.615 0.19 — —
BaGeAl – H +1.23 1.06 3.488 0.03 3.457 0.22 2.612 0.16
BaAlGe – H +1.17 1.09 3.594 0.14 3.466 0.15 2.597 0.14
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Table D.19: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (Tr)/(Tt)/(H) σ2(Tr)/(Tt)/(H) dab δ ab d δ dab δ ab
(Tr – Tt) (Tr,Tt) (Tr – H) (Tr,H) (Tt – H) (Tt,H)
MgAlSn +0.33/-1.25/— 1.79/2.52/— 2.897 0.47 — — — —
CaAlSn +0.75/-2.07/— 1.61/2.37/— 2.634 0.70 — — — —
CaSnAl – H +1.53/-2.07/-0.85 1.19/2.09/0.69 2.664 0.54 1.728 0.36 3.552 0.12
CaAlSn – H +0.57/-1.36/-0.58 1.51/2.21/0.72 2.683 0.62 3.442 0.06 1.981 0.62
SrAlSn +0.70/-1.99/— 1.63/2.28/— 2.669 0.72 — — — —
SrSnAl – H +1.49/-2.03/-0.84 1.21/2.06/0.68 2.695 0.55 1.738 0.36 3.553 0.12
SrAlSn – H +0.54/-1.31/-0.58 1.51/2.17/0.70 2.707 0.64 3.270 0.04 2.014 0.60
BaAlSn +0.67/-1.79/— 1.62/2.24/— 2.700 0.71 — — — —
BaSnAl – H +1.44/-1.87/-0.80 1.23/2.06/0.67 2.735 0.55 1.736 0.35 3.549 0.11
BaAlSn – H +0.52/-1.19/-0.54 1.54/2.14/0.68 2.740 0.65 3.765 0.03 2.026 0.58
Table D.20: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (M) σ2(M) dab δ d δ dab δ ab
(M-Tr) (M,Tr) (M-Tt) (M,Tt) M-H (M,H)
MgAlSn +1.03 0.80 3.274 0.06 3.274 0.12 — —
CaAlSn +1.32 0.76 3.451 0.05 3.451 0.13 — —
CaSnAl – H +1.39 0.70 3.266 0.03 3.331 0.16 2.578 0.09
CaAlSn – H +1.36 0.72 3.325 0.10 3.349 0.11 2.566 0.08
SrAlSn +1.29 0.83 3.582 0.06 3.582 0.15 — —
SrSnAl – H +1.37 0.78 3.386 0.03 3.464 0.17 2.643 0.11
SrAlSn – H +1.35 0.79 3.464 0.11 3.486 0.12 2.627 0.10
BaAlSn +1.12 1.07 3.734 0.07 3.734 0.18 — —
BaSnAl – H +1.24 1.01 3.520 0.04 3.604 0.21 2.726 0.14
BaAlSn – H +1.21 1.03 3.603 0.14 3.632 0.14 2.699 0.13
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Table D.21: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (Tr)/(Tt)/(H) σ2(Tr)/(Tt)/(H) dab δ ab d δ dab δ ab
(Tr – Tt) (Tr,Tt) (Tr – H) (Tr,H) (Tt – H) (Tt,H)
MgGaSi -0.46/-0.98/— 2.14/2.43/— 2.383 0.93 — — — —
MgSiGa – H +0.16/-0.99/-0.65 1.91/2.23/0.78 2.427 0.76 1.699 0.62 3.222 0.10
MgGaSi – H -0.42/-0.09/-0.91 1.99/2.17/0.87 2.444 0.74 3.205 0.09 1.595 0.74
CaGaSi -0.40/-0.92/— 2.09/2.31/— 2.398 0.90 — — — —
CaSiGa – H +0.11/-0.92/-0.58 1.91/2.12/0.69 2.435 0.82 1.763 0.54 3.333 0.07
CaGaSi – H -0.45/-0.15/-0.77 1.93/2.15/0.76 2.453 0.80 3.306 0.06 1.642 0.65
SrGaSi -0.37/-0.91/— 2.06/2.29/— 2.436 0.89 — — — —
SrSiGa – H +0.16/-0.95/-0.58 1.87/2.09/0.68 2.477 0.81 1.775 0.52 3.336 0.07
SrGaSi – H -0.45/-0.13/-0.76 1.91/2.11/0.75 2.494 0.79 3.309 0.06 1.640 0.65
BaGaSi -0.27/-0.82/— 2.00/2.23/— 2.467 0.86 — — — —
BaSiGa – H +0.21/-0.90/-0.55 1.83/2.08/0.68 2.523 0.77 1.762 0.51 3.323 0.06
BaGaSi – H -0.37/-0.06/-0.73 1.91/2.09/0.75 2.527 0.76 3.281 0.06 1.628 0.64
Table D.22: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (M) σ2(M) dab δ d δ dab δ ab
(M-Tr) (M,Tr) (M-Tt) (M,Tt) M-H (M,H)
MgGaSi +1.45 0.52 3.121 0.06 3.121 0.08 — —
MgSiGa – H +1.48 0.49 3.203 0.03 2.857 0.13 2.345 0.06
MgGaSi – H +1.42 0.54 3.014 0.11 2.970 0.06 2.315 0.07
CaGaSi +1.32 0.78 3.242 0.08 3.242 0.11 — —
CaSiGa – H +1.39 0.73 3.170 0.06 3.141 0.14 2.391 0.10
CaGaSi – H +1.37 0.75 3.168 0.13 3.105 0.09 2.390 0.10
SrGaSi +1.28 0.87 3.389 0.09 3.389 0.13 — —
SrSiGa – H +1.37 0.82 3.305 0.06 3.286 0.16 2.468 0.12
SrGaSi – H +1.33 0.85 3.296 0.14 3.260 0.10 2.477 0.12
BaGaSi +1.09 1.14 3.556 0.11 3.556 0.15 — —
BaSiGa – H +1.24 1.07 3.458 0.07 3.440 0.19 2.565 0.15
BaGaSi – H +1.08 1.12 3.435 0.17 3.438 0.10 2.586 0.14
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Table D.23: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (Tr)/(Tt)/(H) σ2(Tr)/(Tt)/(H) dab δ ab d δ dab δ ab
(Tr – Tt) (Tr,Tt) (Tr – H) (Tr,H) (Tt – H) (Tt,H)
MgGaGe -0.39/-0.95/— 1.95/2.28/— 2.750 0.60 — — — —
MgGeGa – H +0.22/-1.03/-0.64 1.87/2.15/0.78 2.490 0.78 1.692 0.63 3.219 0.09
CaGaGe -0.37/-0.98/— 2.00/2.18/— 2.456 0.85 — — — —
CaGeGa – H +0.19/-1.00/-0.58 1.86/2.06/0.70 2.491 0.78 1.752 0.55 3.375 0.06
CaGaGe – H -0.33/-0.50/-0.54 1.82/2.09/0.73 2.528 0.75 3.379 0.66 1.755 0.05
SrGaGe -0.36/-0.96/— 1.96/2.13/— 2.502 0.83 — — — —
SrGeGa – H +0.20/-1.00/-0.57 1.84/2.03/0.68 2.530 0.77 1.764 0.54 3.417 0.06
SrGaGe – H -0.34/-0.46/-0.55 1.80/2.05/0.72 2.572 0.74 3.503 0.05 1.762 0.66
BaGaGe -0.29/-0.86/— 1.90/2.09/— 2.530 0.80 — — — —
BaGeGa – H +0.22/-0.92/-0.54 1.79/2.01/0.68 2.580 0.73 1.754 0.53 3.414 0.06
BaGaGe – H -0.30/-0.38/-0.51 1.77/2.01/0.71 2.624 0.70 3.509 0.04 1.746 0.65
Table D.24: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (M) σ2(M) dab δ d δ dab δ ab
(M-Tr) (M,Tr) (M-Tt) (M,Tt) M-H (M,H)
MgGaGe +1.33 0.61 3.115 0.07 3.115 0.09 — —
MgGeGa – H +1.45 0.44 3.191 0.04 2.889 0.13 2.373 0.06
CaGaGe +1.35 0.74 3.292 0.07 3.292 0.11 — —
CaGeGa – H +1.39 0.72 3.180 0.06 3.148 0.14 2.423 0.10
CaGaGe – H +1.39 0.74 3.205 0.12 3.135 0.11 2.420 0.09
SrGaGe +1.32 0.83 3.431 0.08 3.431 0.12 — —
SrGeGa – H +1.38 0.81 3.308 0.07 3.290 0.15 2.498 0.12
SrGaGe – H +1.35 0.83 3.334 0.14 3.286 0.11 2.502 0.11
BaGaGe +1.15 1.07 3.593 0.10 3.593 0.15 — —
BaGeGa – H +1.24 1.06 3.457 0.08 3.440 0.19 2.597 0.15
BaGaGe – H +1.20 1.07 3.465 0.16 3.440 0.19 2.450 0.13
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Table D.25: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (Tr)/(Tt)/(H) σ2(Tr)/(Tt)/(H) dab δ ab d δ dab δ ab
(Tr – Tt) (Tr,Tt) (Tr – H) (Tr,H) (Tt – H) (Tt,H)
MgGaSn -0.27/-0.82/— 1.85/2.44/— 2.921 0.50 — — — —
CaGaSn -0.54/-0.81/— 1.95/2.22/— 2.629 0.84 — — — —
CaSnGa – H -0.11/-0.72/-0.56 1.92/2.07/0.70 2.671 0.78 1.731 0.61 3.484 0.06
CaGaSn – H -0.53/-0.29/-0.56 1.85/2.14/0.72 2.687 0.74 3.347 0.07 1.967 0.59
SrGaSn -0.50/-0.83/— 1.94/2.19/— 2.670 0.83 — — — —
SrSnGa – H -0.06/-0.75/-0.57 1.88/2.05/0.68 2.702 0.77 1.749 0.59 3.611 0.06
SrGaSn – H -0.53/-0.28/-0.56 1.83/2.10/0.69 2.717 0.75 3.813 0.04 1.992 0.59
BaGaSn -0.43/-0.74/— 1.89/2.14/— 2.706 0.79 — — — —
BaSnGa – H -0.01/-0.69/-0.54 1.84/2.02/0.68 2.751 0.73 1.736 0.58 3.616 0.06
BaGaSn – H -0.47/-0.21/-0.53 1.80/2.05/0.68 2.766 0.72 3.815 0.04 1.986 0.58
Table D.26: QTAIM atomic charges, fluctuations and delocalization indices in MTrTt and MTrTtH
(M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge). PBE functional.
Compound Qe f f (M) σ2(M) dab δ d δ dab δ ab
(M-Tr) (M,Tr) (M-Tt) (M,Tt) M-H (M,H)
MgGaSn +1.09 0.77 3.300 0.07 3.300 0.11 — —
CaGaSn +1.34 0.73 3.449 0.07 3.449 0.10 — —
CaSnGa – H +1.39 0.70 3.169 0.08 3.370 0.13 2.541 0.08
CaGaSn – H +1.38 0.71 3.194 0.12 3.367 0.09 2.553 0.08
SrGaSn +1.33 0.79 3.576 0.08 3.576 0.12 — —
SrSnGa – H +1.38 0.78 3.314 0.08 3.490 0.14 2.610 0.10
SrGaSn – H +1.37 0.79 3.338 0.13 3.489 0.10 2.618 0.10
BaGaSn +1.16 1.04 3.721 0.09 3.721 0.15 — —
BaSnGa – H +1.24 1.02 3.445 0.10 3.623 0.18 2.695 0.13
BaGaSn – H +1.22 1.03 3.471 0.16 3.623 0.12 2.705 0.13
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Table D.27: G values in MTrTt (M = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge, Sn). PBE functional.
Compound Tr–Tt M–Tr M–Tt (M–M)c (Tr–Tr)c (Tt–Tt)c
CaAlSi 0.363 3.990 0.908 16.262 1.249 2.864
SrAlSi 0.343 3.355 0.866 15.595 1.468 2.804
BaAlSi 0.344 2.857 0.816 11.056 1.668 3.738
CaAlGe 0.362 3.648 0.952 16.669 2.311 1.302
SrAlGe 0.344 3.107 0.901 15.701 2.265 1.445
BaAlGe 0.346 2.627 0.854 11.356 2.876 1.542
CaAlSn 0.377 3.476 1.140 15.277 2.018 1.019
SrAlSn 0.341 3.008 0.991 15.156 1.884 1.352
BaAlSn 0.341 2.594 0.954 12.738 2.019 1.519
CaGaSi 0.279 2.184 1.332 16.492 1.618 1.342
SrGaSi 0.274 1.932 1.213 15.770 2.099 1.461
BaGaSi 0.281 1.787 1.114 10.816 2.679 1.722
CaGaGe 0.307 2.128 1.345 16.187 1.556 1.426
SrGaGe 0.308 1.885 1.214 15.430 1.676 1.466
BaGaGe 0.311 1.686 1.115 11.261 2.518 1.596
CaGaSn 0.333 2.271 1.506 14.773 1.526 1.075
SrGaSn 0.323 2.059 1.265 14.798 1.712 1.388
BaGaSn 0.338 1.868 1.168 13.027 1.987 1.543
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Table D.28: Optimized lattice parameters for TMB2 (TM = Mn, Tc, Re) in ReB2-type (P63/mmc,
No. 194). FHI-AIMS optimization (PBE/16-16-8 k-mesh). ELK 3.1.12 (PBE/6-4-3 k-mesh = 72
k-points/rgkmax 11). Values in Å.
Compound a c c/2a z
MnB2 2.775 6.944 1.25 0.552
TcB2 2.896 7.458 1.29 0.548
ReB2 2.911 7.490 1.29 0.548
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Table D.29: Experimental lattice parameters for TMB2 (TM = Ru, Os) in RuB2-type (Pmmn, No.
59).6 RuB2: ELK 3.1.12 (PBE/6-4-3 k-mesh = 72 k-points/rgkmax 11) and OsB2: ELK 3.1.12
(PBE/5-3-3 k-mesh = 12 k-points/rgkmax 11). Values in Å.
Compound a b c z
RuB2 4.646 2.865 4.045 0.554
OsB2 4.684 2.872 4.096 0.556
Table D.30: Optimized lattice parameters for TMB2 (TM = W, Re, Os) in AlB2-type (P6/mmm, No.
191). WB2 and ReB2: FHI-AIMS optimization (PBE/12-12-12 k-mesh). ELK 3.1.12 (PBE/4-4-4
k-mesh = 12 k-points/rgkmax 11). OsB2: FHI-AIMS optimization (PBE/20-20-20 k-mesh). ELK
3.1.12 (PBE/4-4-4 k-mesh = 12 k-points/rgkmax 11) Values in Å.
Compound a c c/2
WB2 3.014 3.375 1.12
ReB2 2.949 2.500 0.85
OsB2 3.258 2.853 0.88
Table D.31: QTAIM charges and fluctuations.
Compound Qe f f (T M)/Qe f f (B) σ2(T M)/σ2(B)
ReB2-type
MnB2 +0.64/-0.32 3.47/2.13
TcB2 +0.48/-0.24 3.67/2.09
ReB2 +0.52/-0.26 3.83/2.10
RuB2-type
RuB2 +0.24/-0.12 3.52/2.05
OsB2 +0.16/-0.08 3.79/2.05
AlB2-type
WB2 +1.10/-0.55 3.39/2.26
ReB2 +0.58/-0.29 3.85/2.21
OsB2 +0.28/-0.14 3.69/2.11
Erklärung
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und
ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus fremden
Quellen direkt oder indirekt übernommenen Gedanken sind als solche kenntlich gemacht.
Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder ähnliche Form
einer anderen Prüfungsbehörde vorgelegt.
Die vorliegende Dissertation wurde unter der Leitung von Dr. Frank R. Wagner, Dr.
Miroslav Kohout und Prof. Dr. Juri Grin am Max-Planck Institut für Chemische Physik
fester Stoffe im Zeitraum Oktober 2012 bis Mai 2017 angefertigt.
Ganderkesee, November 06, 2017
